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Abstract
Despite its tropical climate and abundant rainfall, Singapore is classified as a water scarce
country. To protect its limited freshwater resources for both consumption and recreation,
Singapore's Public Utilities Board (PUB) has created the Active, Beautiful, and Clean (ABC)
campaign. In light of this program, the Massachusetts Institute of Technology (MIT) and
Nanyang Technological University (NTU) in Singapore have partnered for various water quality
research projects, including sampling of Choa Chu Kang, Bras Basah, Verde, and agricultural
areas throughout Kranji Catchment in January 2011.
Currently, bacterial levels in Kranji Reservoir are measured by sampling, which is labor
intensive and delayed. As an alternative, a model of the surrounding watershed was constructed
to estimate bacterial loading to the reservoir as driven by changing weather conditions. The
watershed stream network was recreated using ArcSWAT, a version of the Soil and Water
Assessment Tool used with geographic information system software. This model is based on a
model previously created by Granger (2010). A major improvement is the specification of
bacterial loading rates by land use and agriculture type. In order to estimate land-use-specific
loading rates, numerous field samples were collected and analyzed for bacterial concentration in
January 2011. Nonpoint source bacteria concentrations were estimated from field sample
concentrations and applied to the land continuously in the model. Using weather data from
January 2005 to February 2007, the model was run twice on a daily time step. The first run
included only nonpoint sources, while the second included 23 sewage treatment plant point
sources throughout the catchment. Simulated results were compared to independent samples
taken in 2009 by Nshimyimana (2010) and indicate a general agreement of order of magnitude,
with most measured values within the predicted range. The magnitudes of the nonpoint source
run achieved a better fit with field data, although the point source run produced concentration
frequency distributions that are approximately lognormal, a characteristic typical of
environmental bacteria concentration distributions.
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1 Introduction
This chapter was prepared collaboratively with Genevieve Ho and Yangyue Zhang.
Singapore is located at the southern tip of Malaysia and is 137 kilometers north of the equator.
The total area of the entire country spans approximately 710 km2 (Chong et al., 2009) and the
country's current population is estimated to be around five million with a growth of 1% per
annum (CIA, 2010). Singapore's free market economy has enjoyed almost uninterrupted growth
since 1965, when Singapore won its independence. The city-state has one of the highest per
capital Gross National Incomes in the world ($40,000) (World Bank, 2009) with a standard of
living comparable to North America and Western Europe. Among all the industries, the tourism
industry is the best developed in that it generated $12.8 billion in receipts from a record of 9.7
million visitors in 2009 (Tan et al., 2009).
Figure 1: Map of Singapore (Bing, 2011).
The climate in the Southeast Asian region is typically humid, rainy, and tropical with two main
monsoon seasons from December to March and June to September, and inter-monsoon periods in
between (Tan et al., 2009). The inter-monsoon periods are typically characterized by heavy
afternoon thunderstorms. Singapore receives around 2,400 mm of rainfall a year, which is above
the global average of 1,050 mm per year. However, a lack of land, and thus limited catchment
area to collect rainwater, coupled with the high evaporation rates in the country, have caused
............. .
Singapore to be classified as a water-scarce country. Singapore ranks 170 out of 190 countries on
the United Nations' fresh water availability list.
1.1 Water Issues and Water Management
1.1.1 Singapore's Water Supply - The Four National Taps
Singapore has developed a water supply for their population through what is called the "Four
National Taps": water from local catchments, imported water from the neighboring country
Malaysia, NEWater, and desalinated water. The demand for domestic water was 75 liters per
capita per day in 1965 when the population of Singapore was at 1.9 million (Tan et al., 2009).
Singapore's current population is 5.1 million (Singapore Department of Statistics, 2011) and the
with a current domestic water demand of 154 liters per capita per day (Ministry of the
Environment and Water Resources, 2011). With the projected population growth and an
increasing demand for water per capita, the country is planning ahead to meet future needs.
Singapore does not have natural aquifers or lakes. The country draws water from 17 constructed
reservoirs with water collected by a comprehensive network of drains, canals, rivers, and
stormwater collection ponds. These catchments form Singapore's First National Tap (PUB,
2010). Figure 2 shows the 17 reservoirs.
The Second National Tap is imported water from Johor, Malaysia. Under a 1961 and revised
1962 Water Agreement with Malaysia, Singapore has the full and exclusive right and liberty to
draw off, take, impound, and use all (raw) water from the Johor River up to a maximum of 250
million gallons per day with a payment of 3 cents per 1000 gallons (PUB, 2010). The 1961 and
1962 Agreements will expire in 2011 and 2061 respectively. Singapore is planning for self-
sufficiency when the Water Agreements expire.
NEWater, the Third National Tap, is reclaimed municipal wastewater treated using advanced
membrane technologies and supplies 30% of Singapore's total water demand. There are
currently five NEWater plants-Bedok (online in 2003), Kranji (2003), Seletar (2004), Ulu
Pandan (2007), and Changi (2010) (PUB, 2010).
Singapore's Fourth National Tap was turned on in September 2005 in the form of the SingSpring
Desalination Plant in Tuas. The plant produces 30 million gallons of water per day using reverse
osmosis (PUB, 2010).
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Figure 2: Singapore's 17 reservoirs (PUB, 2011).
1.1.2 Current Campaign - Active, Beautiful, Clean Waters Programme
With the Active, Beautiful, Clean Waters (ABC Waters) Programme, Singapore's Public
Utilities Board (PUB) aims to transform the drains, canals, and reservoirs within the country into
beautiful and vibrant streams, rivers, and lakes. The program's main objectives are to (1)
transform water bodies into lifestyle attractions for the public in addition to functioning as
collection, storage, and drainage systems; (2) involve People-Public-Private (3P) resources in
developing water bodies into community spaces, while at the same time maintaining water
quality; (3) play the role of the umbrella program that connects all water management initiatives
within the country; and (4) integrate water conservation into the community's lifestyle (PUB,
2008). PUB aims to be able to capture runoff from two-thirds of the country by 2011 (PUB,
2010).
PUB developed a Masterplan to identifying potential water catchment projects across the
country. These projects would be implemented in phases over the span of ten to fifteen years
with the first five-year plan being from 2007 to 2011. PUB divided Singapore into three
"watersheds": the Western, Eastern and Central Catchments, with respective themes and
projects. The goal is to provide a suitable water management system to capture freshwater and
provide the public with water recreational activities.
1.2 Kranji and Marina Reservoirs
Kranji and Marina Reservoirs are two of the many reservoirs in Singapore being opened to the
public under the ABC Waters Programme. Figure 2 shows both catchments relative to one
another in size and distance. Kranji Catchment covers an area of 6,100 hectares whereas Marina
Catchment covers an area of approximately 10,000 hectares.
1.2.1 Development of Kranji Reservoir
Kranji Catchment is a largely rural and underdeveloped area, and has some of the most important
natural areas in Singapore. Figure 3 shows the breakdown of water catchments in the Western
Catchment, with Kranji Reservoir included in the figure at the northern corner.
Kranji Reservoir is a drinking water reservoir in the northwest region of Singapore and is
managed by Singapore Public Utilities Board (PUB). Kranji Reservoir has three main tributaries,
Sungei Kangkar, Sungei Tengah, and Sungei Peng Siang. The reservoir, despite its strength in
natural beauty, open space, and ecological uniqueness, has low visitor rates due to lack of
transportation, poor access, and being relatively isolated from the rest of Singapore. Due to the
availability of large undeveloped land however, Kranji Reservoir had high recreational potential
among other reservoirs in the Western Catchment (Tan et al., 2009).
Marina Reservoir was formed in 2008 and is Singapore's Fifteenth reservoir. It is the first
reservoir in the city center and has the largest and most urbanized catchment. Marina Catchment
(highlighted in Figure 4) spans 10,000 hectares, one-sixth the area of Singapore, and drains some
of the main areas of Singapore including Orchard Road, Ang Mo Kio, Paya Lebar, Alexandra,
and other parts of the business district. This includes some of the oldest development in
Singapore. The mouth of the reservoir was created by the Marina Barrage. Combined with the
Punggol and Serangoon Reservoirs, this will allow Singapore to capture the runoff from two -
thirds of its land area. PUB estimates the reservoir will supply more than 10% of Singapore's
water demand. Sungei Singapore, Sungei Kallang, Sungei Geylang, and Rochor Channel (a
tributary of Sungei Kallang) are the main tributaries that flow into Marina Reservoir. Excess
water can be channeled into the existing Upper Peirce Reservoir for storage purposes. Currently,
Marina Reservoir is still transitioning from salt to fresh water, but in the future Marina Barrage
should prevent seawater from intruding into the reservoir.
Figure 3: Western Catchment with Kranji Reservoir included (PUB, 2007).
Figure 4: Location of Marina Catchment within Singapore (PUB, 2010).
. .. ................  ...... ....... 
2 Bacterial Contamination of Water
Microorganisms are present throughout aquatic ecosystems (USEPA, 2001). While most are
harmless, or even beneficial to the ecosystem and higher-order animals, a small subset, referred
to as pathogens, can cause illness and even death in humans. Pathogens may be bacteria, viruses,
or protozoans. Paths for infection include consuming fish or shellfish and skin contact with or
ingestion of contaminated water. It is not possible to test for all pathogens given their large
number, variety, and relatively low concentrations. Therefore, indicator organisms are used.
These are nonpathogenic organisms that are associated with the sources and transport
mechanisms of pathogens, but are easier to measure. Thus, their presence is assumed to indicate
a high likelihood of pathogenic microorganisms. A good indicator organism will have the
following characteristics: be easily detected with simple laboratory tests, not be present in
unpolluted waters, have concentrations that would correlate with the degree of contamination,
and have a die-off rate slower (more conservative) than that of pathogens.
Coliform bacteria are often used as indicators (USEPA, 2001). Total coliform bacteria include
several genera of bacteria present in animal intestinal tracts and occur naturally in the soil or
water. Fecal coliform bacteria are a subset that occurs in the feces and intestines of warm-
blooded animals. Escherichia coli (E. coli) are a subset of fecal coliform bacteria that is also
used. Enterococci have been shown to correlate better with the risk of gastrointestinal illness of
swimmers, and therefore are often used as indicator organisms. The United States Environmental
Protection Agency (USEPA) has imposed freshwater steady-state geometric mean limits of 33
enterococci per 100 mL and 126 E. coli per 100 mL for the protection of human health.
Indicator organisms offer a relatively cost effective and quick way to test the microbial quality of
surface waters, although there has been debate as to how well they relate to human pathogens
(Hathaway et al., 2010). For example, indicators may be indicative of animal, rather than human,
contamination (Young and Thackston, 1999). Across the United States, bacterial contamination
is one of the most common reasons for water bodies failing to meet quality standards established
under the Clean Water Act. This often results in the temporary closing of recreational areas
(USEPA, 2002).
Bacterial monitoring programs can be expensive, with costs primarily due to field operations.
This includes sending personnel to the site to sample, transportation to the laboratory, and
analysis. Additionally, time constraints on workday length limit the number of sites that can be
sampled in a single day (Wickham et al., 2006). Furthermore, since tests generally take 24 hours
to complete, beach closings are based on day-old data. Waiting for results to make a decision is
underprotective, potentially allowing access to unsafe waters. However, limiting access before
results are available or waiting for safe results to re-open waters is overprotective, delaying
access to potentially safe waters (Olyphant and Whitman, 2004). These factors make a predictive
computer model extremely attractive, as it can be administered offsite and without delay. In
addition, water samples can be of limited value as studies such as Olyphant and Whitman (2004)
have shown bacterial measurements can vary greatly along a beach shoreline. Other studies have
shown temporal variability with bacterial concentration changes within hours or even minutes
(Desai and Rifai, 2010). Seasonal variability has also been observed by Koirala et al. (2007) and
Hathaway et al. (2010), indicating lower E. coli and fecal coliform levels during the winter
months.
Several researchers have attempted bacterial models with varying degrees of success. Olyphant
and Whitman. (2004) produced a model for a beach in Chicago, IL that accounted for 71% of the
observed variability in log E. coli concentrations and predicted beach openings/closings 88% of
the time. Collins and Rutherford (2004) modeled bacterial concentrations in pastoral land in New
Zealand. During sampling, E. coli were found down to a depth of 80 cm. Predicted E. coli
concentrations ranged from 102 to 106 per 100 mL which included the range of observed values,
104 to 106. Comparison of predicted and measured values resulted in a Pearson's correlation
coefficient of 0.71.
The sources of bacteria contributing to stream impairment can be widespread and come from
both urban and agricultural areas. Understanding which are the primary sources in a watershed
can help improve water quality predictions and lead to the development of control methods. In
agricultural areas, grazing lands and animal feeding operations near streams are often recognized
as sources of contamination (Wickham et al., 2006). However, other studies have shown that
elevated bacterial levels are associated across many agricultural practices (Baxter-Potter and
Gilliland, 1988). This is especially true where manure is applied to cropland (Walters et al.,
2010).
Forested lands tend to be relatively small sources. Niemi and Niemi (1991) found geometric
mean coliform concentrations in water of 101, 103, and 105 per 100 mL, for forested land,
agricultural land, and wastewater treatment plants, respectively. Therefore, geometric mean
concentrations tended to decrease as the forested percentage of a watershed increased. However,
pit toilets or septic tanks at public parks or other facilities, and wild animals, can be sources in
these lands (Walters et al., 2010).
Various studies have indicated that urban areas may be a greater source of contamination
(Wickham et al., 2006; Walters et al., 2010; Hathaway et al., 2010). In urban areas, combined
sewer overflow (CSO) events, leaky sewer systems, stormwater runoff, failed septic systems, and
improper sanitary and storm sewer connections can be sources of contamination (Wickham et
al., 2006; Chin, 2010). CSO events typical discharge effluent with 105 to 107 total coliform per
100 mL (USEPA, 2001). Young et al. (1999) found fecal bacterial densities to be directly related
to population, housing, and fraction of impervious surface. In addition, storm drains can also
serve as a reservoir of bacteria (Wickham et al., 2006; Walters et al., 2010; He et al., 2010) and
wild and domestic animals can also be a source (Walters et al., 2010). Wickham et al. (2006)
found that the highest likelihood of contamination occurred in small watersheds with a high
proportion of urban land adjacent to streams. Well drained (hydrologic groups A and B), erodible
soils were also a significant contributor. Surprisingly, the number of failed septic systems,
presence of animal feeding operations, and amount of agricultural land were not significant
factors. This is likely due to the "connected" nature of an urban watershed. Roads, storm sewers,
and wastewater treatment plants increase the ability and speed at which water can reach stream
channels.
Rainfall has also been shown to be a major contributor to bacterial loading (Hathaway et al.,
2010). Walters et al. (2010) showed that antecedent rainfall served to increase bacterial
concentration by mobilizing sources in watersheds. Desai and Rifai (2010) also found that urban
areas showed higher E. coli concentrations, especially during and after rain events. However, this
may not always be the case. Depending on the bacterial source, various concentration profiles are
possible. For example, if point sources are the dominant contributor in a watershed, then during
storm events the runoff will serve to dilute the bacterial concentration in waterways. However, if
nonpoint sources dominate, then as flows increase from runoff, concentrations would also be
expected to rise (Schoen et al., 2009). Research by Desai and Rifai (2010) and He et al. (2010)
have shown that bacteria concentrations in stormwater runoff do not follow a "first flush" effect.
The concept of the first-flush effect is that a "first flush" occurs when a large fraction of
pollutants of various types is contained in the first portion of the storm runoff. The first flush is
hypothesized to be the result of the wash off of pollutants that accumulate on the land surface.
By capturing and treating this first portion of the runoff with Best Management Practices
(BMPs), significant improvements in water quality can be made. The lack of a first flush
supports the idea that fecal indicator bacteria transport is governed by separate processes from
those of suspended solids, which tend to demonstrate first-flush characteristics (He et al., 2010).
The apparent lack of a first flush could make traditional BMPs less effective in reducing
bacterial loading. Additionally, long lasting runoff effects tended to mask dry weather variability
(Desai and Rifai, 2010).
Fecal coliform bacteria death rates are affected by a number of factors including temperature,
sunlight, salinity, pH, predation, and availability of nutrients. Sunlight and temperature are
generally considered the most important effects (Auer and Niehaus, 1992). An increase in either
of these factors will lead to increased die-off (USEPA, 2001). Whitman et al. (2004) found that
E. coli decay was exponential during sunny days, but diminished on cloudy days. Continuous
importation and nighttime replenishment were evident. Sedimentation can also play a role in
removal of bacteria from water bodies (Auer and Niehaus, 1992). Some studies, however, have
questioned the die-off of indicator organisms in tropical climates. Rivera et al. (1988) conducted
a study in a cloud rain forest in Puerto Rico that sampled water from tank-type bromeliads.
These plants are epiphytes with a rosette of leaves allowing it to capture rainwater and forest
leachate. Total coliform concentrations were 1.5 x 106 per 100 mL for these samples, which calls
into question the use of coliform bacteria as an indicator since it was isolated in significant levels
from these unpolluted sites. Muiiz et al. (1989) also cite a number of studies that have found
high levels of E. coli at tropical sites with no known source of fecal contamination. Mufiiz et al.
(1989) found that E. coli remained active for more than five days, making it ineffective as an
indicator. They suggest that in tropical areas using no indicator and testing for pathogens directly
may be a more accurate method. Additionally, Jensen et al. (2001) has called into question the
use of bacteria tests designed for temperate climates in tropical areas. They used the m-
ColiBlue24 medium in Pakistan and encountered low specificity. This high level of false
positives was attributed to different indigenous bacteria that could use the growth media.
3 Previous Project Work
3.1 Model Selection
The following is a brief overview of Erika Granger's work in 2010. The work described in this
section was completed by Granger and can be found in detail in Granger (2010). The main goal
of this project is to estimate bacterial loadings into Kranji Reservoir from the surrounding
catchment. The load can then be used to determine water quality within the reservoir. Therefore,
it was necessary to choose a model that could accurately model the watershed. Granger identified
six key attributes that an ideal model would possess. They are:
1) Simulation of runoff quantity and composition;
2) Simulation of bacterial transport;
3) Simulation of bacterial fate;
4) Consideration of land use;
5) Continuous model - time step of 1 day or less; and,
6) Simulation of watershed containing urban and rural areas
Granger (2010) identified three possible models: Storm Water Management Model (SWMM),
Soil and Water Assessment Tool (SWAT), and Better Assessment Science Integrating point and
Nonpoint Sources/Hydrologic Simulation Program-FORTRAN (BASINS/HSPF).
Ultimately SWAT was chosen for its ability to model large complex watersheds with a variety of
land uses and management practices. SWAT also simulates runoff quantity and quality, and has a
bacterial fate and transport component. SWMM does not have an integrated bacterial fate and
transport component, and thus would be of limited value for this project. BASINS was deemed
too complex for the needs of the project. It uses a series of underlying models including SWAT,
but provides additional instream modeling such as more finely discretized stream reaches. It was
decided that this level of computation was not necessary since the ultimate goal was only to
predict the load to Kranji Reservoir.
3.2 SWAT Model Overview
The following is a brief summary of the model, its uses, and theory behind the calculations from
the Soil and Water Assessment Tool Theoretical Documentation (Neitsch et al., 2005). The Soil
and Water Assessment Tool (SWAT) is a watershed model developed by Dr. Jeff Arnold for the
United States Department of Agriculture (USDA) Agricultural Research Service (ARS) with the
purpose of predicting the impact of land management practices on water quality. It was designed
for long time periods in large, complex watersheds with various land uses and soils. The model
incorporates components from a number of preexisting models including:
- Simulator for Water Resources in Rural Basins (SWRRB)
- Chemicals, Runoff, and Erosion for Agricultural Management Systems (CREAMS)
- Groundwater Loading Effects on Agricultural Management Systems (GLEAMS)
- Erosion-Productivity Impact Calculator (EPIC)
- Routing Outputs to Outlet (ROTO)
SWAT has undergone numerous improvements since its creation. The version used for this
project is SWAT2005 2.3.4 designed to run with ArcView, a commercial geographic information
systems (GIS) software package from Environmental Systems Research Institute, Inc. (Esri),
Redlands, California. SWAT and ArcSWAT will be used interchangeably since this was the only
version of the Soil and Water Assessment Tool used for the project.
The watershed is partitioned into numerous subwatersheds or subbasins. For clarity these areas
will be referred to as "subbasins" from this point onward. The water balance is the driving force
behind calculations. The basic equation used is: Final Soil Water Content = Initial Soil Water +
Precipitation - Surface Runoff - Evapotranspiration - Water Entering the Vadose Zone - Return
Flow. Runoff values are predicted separately for each Hydrologic Response Unit (HRU) and
then routed to ultimately obtain a value for the entire watershed. HRUs are areas within a
subbasin that have the same soil type, land use, and slope class. For example, if a subbasin had
one soil type, one slope class, and two land uses (residential and commercial), two HRUs would
be created. If there were also two soil types present (A and B) then four HRUs would be
possible: Residential and Soil A, Residential and Soil B, Commercial and Soil A, and
Commercial and Soil B. With two slope classes in the subbasin, eight HRUs would be possible.
SWAT also has a Weather Generator feature to generate daily weather values based on monthly
averages if the user does not have actual weather data.
Once precipitation occurs, through either weather data or the Generator, a number of possible
processes are taken into account. Some precipitation will be intercepted by vegetation and be
available for evaporation; this water is called Canopy Storage. Water can enter the ground
through Infiltration. Infiltration rates decrease as the soil becomes saturated. Water can move
through the soil profile by Redistribution. Water at or near the surface is lost to the atmosphere
though Evapotranspiration. Lateral Subsurface Flow (interflow) enters the stream network from
soil above the saturated zone. Return Flow (base flow) is the stream flow that originates from
groundwater. Surface Runoff, overland flow on sloped surfaces, is computed using a
modification of the Soil Conservation Service (SCS) curve number method. SWAT also has
components to model erosion, nutrient cycling, and pesticides. These components were not of
interest for this project.
Up to two types of bacteria can be modeled in SWAT. They are defined as "persistent" and "less
persistent." The naming does not affect the modeling, but serves only to allow the user to model
multiple bacteria, which may have different regrowth or die-off rates. Chick's Law first-order
decay is used to model these processes. Bacteria are modeled on plant foliage and into the first
10 millimeters of soil. Bacteria that percolate below this point are assumed to die. A fraction of
bacteria on the surface will "wash off' during storm events. In addition, bacteria attached to
sediment are also included. For watersheds with times of concentration longer than one day,
water and bacteria are lagged and do not reach the outlet until the appropriate time-step.
3.3 Previous Model Work
Granger developed a preliminary version of the Kranji Catchment SWAT model in 2010. A
detailed description of the process is available in her thesis (Granger, 2010). The "Automatic
Watershed Delineation" tool was used in concert with the Digital Elevation Map (DEM) file.
The DEM was generated with an elevation contour file, a GIS representation of the constructed
drainage network, and a file of Kranji Reservoir. A stream network was then determined based
on the DEM, a mask file defining the extent of the watershed, and stream file containing known
streams (drains). The threshold drainage area was set at the minimum, seven hectares. Whole
watershed outlets, points that all the water from a specific watershed leaves through, were
identified at points where drains discharged into the reservoir. ArcSWAT was then able to
generate the watershed and subbasin boundaries.
Land use data was condensed from 23 values in the Singapore PUB data to nine categories in the
SWAT2005 database. Soil data was obtained through mapping conducted by Ives (1977). Soil
properties and parameters were defined from information by Ives (1977) and Chia et al. (1991).
Slopes were grouped into two classes, greater and less than the median slope of 3.1%. HRU
thresholds were set at 20% for land use, 10% for soil type, and 20% for slopes, as recommended
by Winchell et al. (2009). This means that if a subbasin has more than these percentages, a new
HRU would be created. The weather generator was used since there was no particular period of
interest.
Two types of bacteria were modeled. E. coli were modeled as the "persistent" bacteria and total
coliform bacteria as the "less persistent." Decay constants of 10 per day and 17 per day were
calculated for total coliform and E. coli respectively. Point source information was obtained from
PUB, which controls a number of sewerage treatment plants (STPs) throughout the catchment.
For non-point source agricultural lands "Fresh Broiler (Chicken) Manure" was set as the
fertilizer.
The model was run on a daily time-step for a period of five years. The first year was considered
spin-up time, so results were not used. The bacterial decay rate was doubled due to an input
error, but the model was not rerun since these values were still within the range of uncertainty.
The catchment was divided into 49 subcatchments based on whole-watershed outlets, points that
discharged directly into the reservoir. As a first run of the model, a presence-absence test was
used. For E. coli, the model was in agreement 67% of the time, provided a false negative 25% of
the time, and a false positive 8% of the time. For total coliform bacteria there was a 90%
agreement and a 10% false negative.
3.4 Need for Additional Work
While Granger's (2010) model had good qualitative accuracy in predicting the presence or
absence of coliform, quantitatively there was room for improvement. The poor quantitative fit is
likely due in large part to the lack of available field data. Typical bacteria loading based on land
use is one set of data that is particularly lacking. There is a large area of agricultural activity
between the Sungei Tengah and Sungei Peng Siang branches of Kranji Reservoir. From previous
site visits, it is known that there are a variety of agricultural activities here ranging from chicken
farms to orchid nurseries. It is hypothesized that bacteria loading rates will vary based on the
farming activity. If this is the case, then this section of the catchment currently classified as
"Agricultural" should be reclassified into specific farming activities, each with its own bacteria
loading rate.
Similar information is missing for residential areas. Currently one category, "Residential," is
used to describe all residential areas. However, there are two distinct residential community
types in Singapore. The first is low-density, privately owned row houses. Figure 5 shows the rear
side of these houses in the Verde neighborhood. These types of properties are also referred to as
"landed properties." The term "landed property" and "low-density residential" will be used
interchangeably to refer to this type of land use.
The other, more common, residential land use in Singapore is high-rise apartments owned by the
Housing Development Board (HDB). Figure 6 shows the view along the eastern side of the Choa
Chu Kang area from one of the January 2011 sampling sites. The sampling site will be discussed
in detail in Section 4.2.1. Figure 7 is a close up of a typical residential high-rise building. The
terms "high-density residential," "HDB property," or "high-rise apartments" all refer to this land
use.
Additionally, more information about the point sources within the catchment would be desirable.
Further sampling could be used to determine better average bacterial concentrations and flow
rates. A comprehensive sampling regime for comparison to the model would also be beneficial.
Granger (2010) was limited in the number of comparisons that could be made between observed
and predicted values because many of the model's subbasins did not have corresponding field
samples. A comprehensive sampling program to obtain samples from these previously un-
sampled subbasins would be of value.
Figure 5: View from the sampling point at the Verde neighborhood, low-density residential
landed properties.
Figure 6: View upstream from sampling
point at Choa Chu Kang (CCK), high-
density residential land.
Figure 7: Typical Housing Development
Board (HDB) residential high-rise apartment
building.
4 Fieldwork
4.1 January Fieldwork Objectives
The fieldwork carried out in January of 2011 in Singapore had three main components. The first
was to sample for bacteria levels in the runoff from residential areas, both landed properties and
Housing Development Board (HDB) high-rise apartments, and a commercial area. This was
carried out in conjunction with the research of Nanyang Technological University Ph.D. student
Eveline Ekklesia. Bacteria indicators of interest were total coliform bacteria, enterococci, and E.
coli. The second part was to sample various agricultural and horticultural sites within the Kranji
cCatchment, again to determine levels of the indicator organisms listed above. These samples
were used to validate and enhance prior research in the Kranji Catchment. The third and final
component was to classify the land use in the agricultural area between Sungei Tengah and
Sungei Peng Siang in the Kranji Catchment. Previous work simply designated the area as
"agricultural." Since the second part of the fieldwork will yield bacterial levels for more specific
land use categories, it is necessary to refine the current classification. This part of the fieldwork
was augmented through satellite imagery and online maps.
4.2 Fieldwork Procedures
4.2.1 Residential and Commercial Site Selection
Eveline Ekklesia completed the site selection process. Since the field and laboratory work for
this thesis were carried out in conjunction with Ekklesia's work, common sites were chosen to
conserve supplies and labor. Upon arrival in Singapore it was determined that these sites would
suffice for both projects. The following is a summary of her analysis. Six sites, two each of low-
density residential, high-density residential, and commercial were selected using ArcGIS
software. The sites were visited in November 2010 and scored with respect to six aspects: dry-
weather flow, total site area, percent of site that is of the desired land use, convenient access to
the sampling site, comfort of sampling personnel, and the availability of data from previous
studies. The factors were given weights of five, five, five, two, two and one respectively. A
decision matrix analysis was conducted to determine the better of the two sites for each land use.
The sites selected were; the Verde neighborhood (low-density residential), Choa Chu Kang
(CCK) Crescent (high-density residential), and Bras Basah (commercial). Below are brief
descriptions of the sampling location for each of the three sites. Additional information and
scores of the individual sites can be found in Bossis et al. (2011).
Verde (Low-Density Residential): This neighborhood consists of about 500 residences. A
typical residence is a row house, connected on each side with another residential housing unit.
Samples were taken from a concrete channel that drained surface runoff and ground water flow
from the neighborhood. Samples were taken as the water discharged from the channel onto a
concrete slab, which eventually fed into a large channel. The drainage basin is mapped in Figure
8. The geometry of the channel was such that there was no influence of the large channel on the
small channel. In order to limit the amount of surface runoff diluting the sample, a set of nearby
surface drains were checked for flow. If flowing water was present, it was considered wet-
weather and samples were not taken. Sampling occurred on January 6 and 12', 2011. Figure 5
in Section 3.4 shows typical residences in Verde.
Figure 8: Verde drainage area (Streetdirectory, 2010).
Choa Chu Kang (CCK) (High-Density Residential): This site drained surface and ground water
runoff from an area with Housing Development Board (HDB) high-rise apartments (Figure 9).
The sample was taken from a fast flowing concrete channel with access via a manhole cover.
Unlike at Verde, the channel outlet was subject to influence from the larger canal, so samples
were taken upstream of these effects. Sampling took place on January 4th and 19th, 2011. Figure
12 in Section 4.2.2 is a photograph of the location where drain samples were collected. Figures 6
and 7 in Section 3.4 are photographs of typical high-rise apartments at CCK.
Bras Basah (Commercial): The concrete channel for this location drained a mixed commercial
area (Figure 10). Nearby there were a number of hotels, office buildings, car parks, food stands,
temples, and an art studio. The channel was underground and accessed from a manhole. Flow
was slow, but not stagnant as verified by leaves and other debris floating by. The site was
sampled on January 10"' and 18th, 2011. Figure 11 shows the sample location.
Figure 9: Choa Chu Kang drainage area (Streetdirectory, 2010).
Figure 10: Bras Basah drainage area (Streetdirectory, 2010).
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Figure 11: Bras Basah sampling drain behind cones and caution tape. (Pictured: Eveline Ekklesia
and Genevieve Ho)
4.2.2 Residential and Commercial Sampling Procedures
Under dry-weather conditions sampling took place each hour on the hour from 8 a.m. through 7
p.m. Due to rain events, sampling ended early or was skipped during some hours in some cases.
Sampling continued during light drizzle if there was little to no surface runoff. Details of skipped
hours can be found in the field notes in Appendix B.
All three sampling locations were inaccessible on foot, so samples were taken with a Nasco
Sampling Pole designed for use with Nasco Whirl-Pak@ bags (Nasco, Fort Atkinson, WI). The
fiberglass telescoping pole extended from 6 to 12 feet and has a swinging neck that can
accommodate three sizes of Whirl-Pak@ bags. A plastic retainer ring with teeth secures the bag
to the neck (Nasco). The pole was extended as needed to reach the sampling location, and the
neck was rinsed with the sample water. A sterile 500 mL Whirl-Pak@ bag was attached to the
pole, submerged, being careful not to disturb the bottom sediment, and filled as much as
possible. Figure 12 is a photograph of the sampling procedure at Choa Chu Kang. The sample
was then poured into three sterile 100 mL Whirl-Pak@ Thio-Bags@ without removing the large
bag or retainer ring. Two bags were filled with 100 mL while the third served as a duplicate and
was filled with 50 mL. The Thio-Bags@ contain "a nontoxic, nonnutritive tablet containing 10
mg of active sodium thiosulfate to neutralize chlorine at the time of collection" (Nasco,undated).
Since chlorine is a disinfectant and contained in household products such as bleach and drinking
water, there was concern that its presence in the water could reduce the number of bacteria if it
remained in contact with the cells in the sample bags. The large bag was filled additional times
as needed to complete the sampling. The small bags were each labeled with a code indicating the
sampling location, date and time of the sample. An explanation of these codes can be found with
the field data in Bossis et al. (2011). Samples were placed into a cooler with ice to prevent the
bacteria from growing. Samples were generally picked up and taken to the laboratory for
analysis in a cooler at 11:30 a.m. and 4:30 p.m. Blank samples were prepared at three times
throughout the day, 8 a.m., noon, and 5 p.m., to correspond with the longest times a sample
would stay on ice. Blank samples were prepared by filling three Thio-Bags@ with water from an
unopened bottle of bottled drinking water. Nitrile gloves were changed between each sample and
blank. Additionally, to reduce the chance of cross contamination and leakage, water was drained
from the cooler as needed to prevent the bags from floating or becoming submerged. Laboratory
analysis was the same for all samples collected and is discussed below in Section 4.3 Laboratory
Procedures.
Figure 12: Use of the telescoping pole to take a sample at the Choa Chu Kang site. (Pictured:
Yangyue Zhang)
4.2.3 Agricultural Site Selection and Sampling Procedures
As discussed above, there is a need to obtain more specific data for agricultural bacteria loading
rates. The current model constructed by Granger (2010) assigned only one land use and thus one
loading rate to a number of distinct agricultural uses. This fieldwork sought to refine the model
in this respect by sampling a variety of agricultural land uses and determining the boundaries of
these land uses. The major agricultural area within the Kranji Catchment is located between two
branches of the Kranji Reservoir, Sungei Tengah and Sungei Peng Siang. Since agricultural
discharges are so close to the reservoir, they are especially important to understand if one hopes
to model bacteria loading rates into Kranji. The work completed in January also sought to verify
data collected from several point discharges and channels by Nshimyimana in 2009
(Nshimyimana, 2010). Several sites were chosen because they had been previously sampled.
Sampling occurred on two different days. A GPS unit was used to record each sampling location.
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Day One
The first round of sampling took place on January 13, 2011 between 11:30 a.m. and 1:30 p.m.
Two types of sampling methods were used depending on the accessibility of the source. The first
was the Whirl-Pak and pole method described above, in which the large Whirl-Pak bag was
attached to the pole and submerged in the water source. The second, which will be referred to as
the "scoop method," was used when the pole was too cumbersome to be used. For these samples
a small plastic scoop, about four inches in diameter and several inches in height, was used to
collect the water. The sample was then transferred to the Thio-Bags@ and followed the same
procedures described previously. The scoop was thoroughly rinsed with sample water before
each use.
Figure 13: Location of agricultural sampling points.
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Below are brief descriptions of each of the sites. Additional information about the sites such as
GPS location and pictures are available in Appendix A. Sites are labeled in the format OXX, as
they were stored in the GPS unit. Figure 13 is a map showing the location of each sample point.
Site 028 (Seng Choon Farm): This was a chicken farm with several large coops. The sample was
taken from a discharge pipe that ran under a paved driveway downstream from the farm
operations (Figure 14). The scoop method was used to obtain this sample.
Figure 14: Site 028. Figure 15: Site 029.
Site 029 (Flower nursery): The sample was taken from an outflow pipe discharging at the corner
of a nursery (Figure 15). The area local to the discharge consisted of long wooden tables
containing various small potted plants. The site appears to be an intermittent source. At first
inspection the pipe was dry but upon returning to the site at a later time there was flow. The
scoop method was used to obtain this sample.
Site 030 (Vegetable farm): The sample was taken from an open concrete tank at the end of a
concrete channel (Figure 16). Flow was only a trickle so the pool was fairly stagnant. The
channel ran along the perimeter of a building before going underground and toward the fields,
which were tilled and planted with low leafy greens. There were a number of empty plastic
containers near the tank, but it is unknown if they contained chemicals discharged into the tank
or were left over from another use. The Whirl-Pak and pole method was used at this site.
Site 03 1A/B: These sites were both pipes with a flapped cover. They were located on opposite
sides of a concrete lined channel (Figure 17). The flapped cover is of interest because it could
signify a sanitary sewer outfall. Flaps are sometimes placed over pipes that discharge from
buildings or other enclosed areas to prevent rats from crawling up the pipe and entering the
space. These flaps can also be used to prevent backflow. Direct discharge of sanitary wastes
would be of concern because of the potentially high levels of bacteria in the discharge. Site 031A
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discharged from the property of an unknown nursery/landscape firm and had a continual
discharge, unlikely for a source that was just a sanitary drain. It is possible multiple sources are
contributing to this flow. Site 031 B initially had a trickle, but flow increased enough during the
ten minutes onsite to take a sample. The pipe came from the direction of a structure and fields of
potted orchids owned by Bescon Garden and Landscape PTE. The scoop method was used at
both sites.
Figure 16: Site 030. Figure 17: Site 031 A left arrow, Site 031 B
right arrow.
Figure 18: Channel with Site 03 1B left arrow, Site 03 1A right arrow.
Site 032/33 (Vegetable farms): Both samples were taken from non-point discharges using the
scoop method. Samples were taken from concrete-lined channels running between the grassy
shoulder of the road and low leafy green crops (Figures 19 and 20). Upstream from the land use
there was no flow. Water entered the channel through weep holes and cracks in the walls.
Site 034 (Koh Fah Technology Farm): This sample was taken from an earth-lined channel
between the farm and an area vegetated with brush (Figure 21 and 22). The majority of water
appeared to be surface runoff from the fields. This sample was taken using the scoop method at a
small waterfall created by a concrete wall.
Figure 19: Site 032. Figure 20: Site 033.
Figure 21: Site 034. Figure 22: Site 043, close-up of concrete
wall.
Site 035 (Vegetable farm): The sample was taken from an earth channel flowing with runoff
from leafy row crops and bare plowed soil (Figure 23). About half of the flow came from the
outlet of what appeared to be a holding pond. Several plastic pipes discharged to the algae
covered pond, which had one outlet pipe.
Figure 23: Site 035. Sample taken at left edge of image.
Day Two
The second set of samples was taken on January 24*, 2011 between 10:15 a.m. and 12:45 p.m.
Weather conditions were dry and sunny with temperatures in the upper 80's Fahrenheit. Again,
various sampling methods were used depending on site accessibility. For easy-to-reach sites, a
sterile Whirl-Pak@ bag was filled and then transferred to the Thio-Bags@ following the same
procedures as on Day 1. Samples were taken with this method unless otherwise noted. For
difficult or unsafe-to-reach sites, the pole method, described above, was used.
Site 037 (Seng Choon Farm): This sample was taken at the same location as sample 028 because
the first sample at this site had relatively low bacterial concentrations (see Section 4.4.2). The
idea was to grab a sample during different activities at the farm, for example during a cleaning of
the coops. Unfortunately, the ability to stay at the sampling site throughout the day and wait for
such activities was impractical due to time constraints.
Site 038 (Tree Farm): This sample was taken on the downhill side of a tree farm. There were no
visible surface flows from the site, so water was collected from a weep hole in a concrete-lined
channel (Figure 24).
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Site 039 (Bare Earth/Construction): This sample was taken from a site that was being re-graded.
The natural slope of the site was being leveled by dumping large amounts of fill at the top of the
hill to create a flat plateau with a steep drop. The sample was taken at the bottom of the hill from
an earth channel created by the runoff (Figure 25). No silt fences were visible at the site, and
compaction of the sloped was done only with the bucket of an excavator.
Site 039 (Bare Earth/Construction): This sample was taken from a site that was being re-graded.
The natural slope of the site was being leveled by dumping large amounts of fill at the top of the
hill to create a flat plateau with a steep drop. The sample was taken at the bottom of the hill from
an earth channel created by the runoff (Figure 25). No silt fences were visible at the site, and
compaction of the sloped was done only with the bucket of an excavator.
Figure 24: Site 038. Figure 25: Site 039.
Site 040 (Tree farm): This sample was taken from a concrete channel on the downhill side of a
tree farm (Figure 26). Access to the channel in the upstream direction was blocked so it could not
be followed to the source. However after consulting aerial imagery, it appears the only upstream
land use of this channel was the tree farm. Smaller trees were in plastic pots while larger ones
were wrapped in burlap.
Site 041 (Cemetery): This sample was taken from a concrete channel running along the edge of a
cemetery. The source of the channel's flow was exclusively groundwater, which entered the
channel though a gap in the concrete (Figure 27).
Site 042 (Nursery): This sample was taken from an underground pipe that discharged into a
concrete channel. The pipe was flapped and originated from an unknown source, but ran under a
paved parking lot from a small structure and the nursery beds (Figure 28). The site had a variety
of ornamental plants in plastic pots sitting on the both the ground and raised benches.
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Figure 26: Site 040. Sample taken in front of Figure 27: Site 041.
fence.
Figure 28: Site 042. Sample location indicated with arrow.
Site 043 (Farmart Centre): This was one of two samples taken at Farmart. The Farmart Centre is
an educational and recreational agricultural center. The site has a number of merchants and food
stalls selling a variety of foods and food products. The site also has various live animals
including goats and quails to educate young Singaporeans about farming. The site also has a
nursery for education on horticulture. The first sample was taken from a concrete channel
discharging from the area of some of the food stalls (Figure 29). Flow was high upon arrival, but
had decreased to a trickle by the time the second Farmart sample had been taken, about five
minutes later. This could indicate that the sample was taken during a rinsing or flushing activity.
The water was very turbid and brown in color.
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Figure 29: Site 043. Figure 30: Site 044.
Site 044 (Farmart Centre): This was the second sample taken at Farmart. This sample was taken
from a pipe with a flapped cover coming out of a hillside (Figure 30). At the top of the hill
directly above the outlet was a shed, though it is unknown if this was the source of the discharge.
The water was turbid and whitish in color. This site was selected in an attempt to repeat the
findings of Nshimyimana (2010) who had previously sampled here. It is thought that this shed
houses the animals.
Site 045 (Fish Farm): The sample was taken from a concrete discharge pipe coming from a fish
farm. The sample was taken downstream of a concrete junction box (Figure 31). Flow into the
box came from two sources, a concrete channel which ran around the perimeter of the facility
and from one of the fish ponds. The water leaving the fish pond entered a baffled sedimentation
tank before entering the junction box. However, function of the settling tank may have been
impaired since the level of the sediments in the first few baffles rose almost to the surface of the
water (Figure 33). This lack of maintenance leads to decreased residence times. This site was
also selected in an attempt to verify the sampling of Nshimyimana (2010).
Site 046 (Fish Farm): This sample was taken at the same farm as sample 045. It was taken from a
plastic pipe, which ran under a paved area from a small structure (Figure 32). However, the exact
source of the discharge is unknown.
Site 047 (Concrete Channel): This sample was taken from the concrete-lined channel in front of
the fish farm that was the target of the prior two samples. This site was selected because
Nshimyimana (201) had sampled here. Since it contains water from a variety of sources,
.. .. . ..............  .  . ... -
bacterial loads cannot be attributed to a single land use. However, the measurement can be
compared to the model's predicted value for the same location.
Figure 31: Site 045. Figure 32: Site 046.
Figure 33: Malfunctioning fish farm Figure 34: Site 047. Sample taken from
sedimentation tank. channel.
4.3 Laboratory Procedure
This section was prepared collaboratively with Genevieve Ho and Yangyue Zhang.
4.3.1 Quanti-Tray@ Method
The IDEXX Quanti-Tray@/2000 method (IDEXX Laboratories, Inc., Westbrook, Maine) was
used to determine total coliform, E. coli, and enterococci bacterial counts. It is a semi-automated
quantification method based on the Standard Methods Most Probable Number (MPN) method
(Clesecri et al., 1996). The Quanti-Tray@ can provide counts from one to 200 colony forming
...............
units per 100 mL for undiluted samples. The Quanti-Tray@/2000 method, which was used in this
study, provides counts from one to 2,419 per 100 mL. The Quanti-Tray@ Method has been
approved by the U.S. Environmental Protection Agency (EPA) for compliance testing and is the
most widely used method throughout the world.
IDEXX uses defined substrate technology (DST) to selectively detect coliform and E. coli
bacteria. Coliform use B-galactosidase to metabolize ONPG (o -nitrophenyl B-D-
galactopyranoside), a nutrient indicator, and turn the water yellow. E. coli use B-glucuronidase to
metabolize MUG (4-methyl-umbelliferyl B-D-glucuronide) and create fluorescence. Enterococci
use B-glucosidase to metabolize MUG and create fluorescence. Most organisms do not have
these enzymes, and those that do are selectivity suppressed by the reagent (IDEXX, 2007).
4.3.2 Sample Preparation
Residential and commercial samples were generally brought back to the laboratory three times
daily and analyzed immediately, starting with the earliest sample. This meant that most samples
were analyzed within about four to six hours of being collected. However, due to laboratory
operating hours, it was not always possible to completely analyze the last set of samples (4 p.m.
to 7 p.m.) before closing. In this case, samples were kept on ice and analyzed the next morning
resulting in a maximum delay of about 14 hours. However, ice was still present in the cooler on
these mornings, meaning that the water temperature of the samples was 00C, preventing bacterial
growth.
4.3.3 Dilutions
Samples were analyzed chronologically in order to reduce the time between sampling and
analysis. The Whirl-Pak@ bags were briefly shaken to resuspend any bacteria that may have
settled. For the first day at each of the residential and commercial sites (Verde, Choa Chu Kang,
and Bras Basah), dilutions of 1:1, 1:100, and 1:10,000 were used to provide a wide range of
coverage. A glass graduated cylinder was used to measure 100 mL of the sample, which was
then poured into a 250-mL glass bottle with a plastic screw cap. A second glass bottle was filled
with 99 mL of Deionized (DI) water. A sterile 1 -mL tip and an Eppendorf Research Pipette@
(Eppendorf AG, Hamburg, Germany) were used to take 1 mL from the first glass bottle and add
it to the second bottle, which was then shaken vigorously. Using a new tip, 1 mL was taken from
the second bottle and mixed with 99 mL of DI water in a third bottle. This procedure was used
for both the total coliform/E. coli test and enterococci test. Blanks were generally analyzed
undiluted.
After analyzing the results from the first day of sampling at each site, the dilutions were tweaked
slightly to narrow the range and provide the opportunity for multiple dilutions to cover the same
MPN range. This would serve as a check on the values. For the second day of sampling at Verde
and Choa Chu Kang, dilutions of 1:10, 1:100, and 1:1,000 were used. In this case, the first bottle
contained 10 mL of sample water and 90 mL of DI water. From this, 1 mL was pipetted out and
mixed with 99 mL DI for the third dilution (1:1,000). For the 1:100 dilution, 1 mL of sample
water was mixed with 99 mL of DI water. The same dilutions were used for both the coliform
and Enterococci tests. For the second day at Bras Basah, dilutions of 1:100, 1:1,000, and
1:10,000 were used for coliform and 1:10, 1:100, and 1:1,000 for Enterococci.
Since previous research indicated that bacterial concentrations tended to be much larger in the
agricultural areas, higher dilutions were used. For total coliform/E. coli tests, dilutions of 1:100,
1:10,000, and 1:1,000,000 were used. Research had also shown enterococci levels tended to be
lower than total coliform levels, so dilutions of 1:10, 1:1,000, and 1:10,000 were used. Dilutions
two orders of magnitude apart were preferred to simplify the process. This allowed 1 mL of the
previous dilution to be mixed with 99 mL of DI water. This left each dilution with a volume of at
least 99 mL. Using a dilution factor of 10 would require 10 mL of the previous dilution, resulting
in only 90 mL remaining, not enough to successfully fill the tray. Using these dilutions provided
a coverage range from 100 to 2.4 billion for total coliform/E. coli and from 10 to 240 million for
enterococci.
For all samples, the three dilutions for the total coliform/E. coli test were prepared first. One
packet of Colilert@ was then added to each bottle and shaken vigorously until it was well
dissolved. Each bottle was then poured into a Quanti-Tray@ by gently squeezing the tray to
separate the plastic wells from the foil backing. The tray was then placed face-down into the
rubber holder and fed through the IDEXX Quanti-Tray@ sealer. It was then checked to ensure all
wells, including the large well at the top, were filled and then labeled with the site name/time
code, dilution level, time sealed, and test (Colilert@ or Enterolert@). The same procedure was
followed for the Enterococci test, replacing the Colilert@ reagent with the Enterolert@ reagent.
To prevent the contamination of samples, all glassware was thoroughly cleaned after each use.
Glassware was first soaked in a bleach solution for about ten minutes and rinsed by soaking in
two successive buckets of clean water. Glassware was then washed with soap, covered with foil,
and autoclaved at 121 C for 15 minutes.
4.3.4 Incubation and Reading of Results
Samples were incubated in an oven at 35"C t0.5'C for total coliform/E. coli and 41 C ±0.5 C for
Enterococci. Samples were read after 24 to 28 hours of incubation. Wells from the Colilert@ test
that turn yellow indicate the presence of coliform bacteria. Those wells that are yellow and
fluoresce indicate E. coli. A 6-watt, 365-nm UV light placed within five inches of the sample
was used (Figure 35). Wells from the Enterolert@ test that fluoresce indicate the presence of
Enterococci (Figure 36). The number of large and small wells positive for bacterial presence
were counted separately, and then compared to the IDEXX-provided chart to determine a MPN.
Values were multiplied by the appropriate dilution factor since the chart is designed for 1:1
dilutions.
Figure 35: Quanti-Tray@ with 49 large wells and 48 small wells. Yellow wells indicate the
presence of total coliform (Photograph by Genevieve Ho).
Figure 36: Quanti-Tray@ under fluorescence light. All wells are positive for bacteria
(Photograph by Genevieve Ho).
4.4 Results and Discussion
4.4.1 Residential and Commercial Sites
Samples at these sites were taken hourly up to twelve times per day. However, since ArcSWAT
uses a daily time step, it was necessary to determine one average daily value of bacterial loading
that could be assigned to each land use. The full results of each hourly sample are available in
the 2011 Singapore project report (Bossis et al., 2011). Table 1 shows selected results. Day 1 and
Day 2 denote the average value of each indicator organism for that day of sampling at the site.
The geometric mean was used for these calculations. Using this method as opposed to an
arithmetic mean is favorable for bacterial averages because concentrations are often highly
skewed and conform more closely to lognormal than normal distributions. Arithmetic means can
be easily skewed by one or several high readings. The Average Daily values were calculated by
dividing the sum of the Day 1 and Day 2 averages by two. However, since some hours of
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sampling were missed due to inclement weather or logistical reasons, this would give an unequal
weighting, since a theoretical day with two samples would be weighted the same as a day with
twelve samples. To prevent this, the Average Hourly value was used. This row is the geometric
mean of all samples taken at the site. In general the Average Daily and Average Hourly values
do not differ much.
While sampling at the residential sites, the water was frequently foamy with bubbles. This was
usually more common at Verde with soap bubbles present constantly from about 10 a.m. to 1
p.m. and occasionally at other times of the day as well (Figure 37). At Choa Chu Kang, soap
bubbles werefoam was present less frequently, generally around 11 a.m. to noon. The soapy
foamy discharge is most likely from cleaning at the landed properties in the morning hours.
When cleaning is finished, the cleaning water it is discharged to the storm sewers.
Table 1. Geometric means
January 2011.
of bacterial samples collected at residential and commercial sites,
Choa Chu Kang MPN
Total Coliform E. coli Enterococci
Day 1 370,000 2,900 5,600
Day 2 730,000 1,900 2,400
Average Daily 550,000 2,400 4,000
Average Hourly 490,000 2,500 4,000
Verde MPN
Total Coliform E. coli Enterococci
Day 1 600,000 24,000 6,200
Day 2 1,100,000 15,000 1,100
Average Daily 830,000 19,000 3,700
Average Hourly 840,000 18,000 2,200
Bras Basah MPN
Total Coliform E. coli Enterococci
Day 1 380,000 100,000 10,000
Day 2 2,600,000 93,000 11,000
Average Daily 1,500,000 97,000 11,000
Average Hourly 1,000,000 97,000 11,000
Figure 37: Foam bubbles in discharge at Verde sample site.
At Bras Basah there was no indication of foam in the drain. However, on the first day of
sampling there was a period of about an hour where the flow was very turbid and cloudy and
whitish in color. The source of this material is unknown. Measured values of bacteria were much
higher at Bras Basah than at either of the residential sites with a geometric mean of total
coliform, E. coli and Enterococci of 1.0 million, 97,000 and 11,000 respectively. One possible
reason for these high values could be the use of the drains as latrines. In one alleyway for
example, an engineering contractor to PUB counted over 200 individuals using a drain as a
latrine (Harley, personal communication). Also, Bras Basah is one of the older commercial
districts and therefore has a greater chance of cross-connections to sanitary drains, leaks, and
illicit discharges, all of which would tend to increase the amount of human wastes and thus
bacteria in the system. For this reason, Bras Basah may not be a good representation of typical
commercial districts throughout Kranji Catchment.
4.4.2 Agricultural Sites
After collection of grab samples at the agricultural sites, site sampling results were grouped into
one of five new agricultural categories: Chicken Farms, Nurseries, Leafy Row Crops, Tree
Farms, and Fish Farms. Nurseries were defined as areas with potted plants on either bare soil or
raised benches. These sites had varying amounts of other gardening materials such as soil and
woodchips as well as machinery. Sites also varied widely in ground cover, containing both paved
areas and bare soil. Leafy Row Crops covered a variety of short crops under about one foot in
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height. Fields were at various stages in their life cycle including just-planted, seedlings, mature
crops, and those ready for harvest. All plants were growing directly in the ground. Figure 38 is a
photograph of a typical site in this category. The Tree Farms had a variety of species and sizes of
trees. Trees were in pots or wrapped in burlap with grass growing between the rows. The
distinction between Nurseries and Tree Farms was based mostly on the size of the plantings.
Plants taller than several feet were considered trees. Figure 36 above in Section 4.2.3 is a
photograph of Site 040, a typical Tree Farm site. Figure 40 shows a typical nursery Fish Farms
were classified by their product, so both open and covered ponds fell into this category. One
cemetery, although not agricultural, was part of this set of samples. Figure 39 is a photograph of
this site.
Figure 38: A representative site classified as a Leafy Row Crop. Plants were grown directly in
the soil and many sites were covered with mesh. (Photograph of land use at Site 032).
Figure 39: Cemetery land use upstream of Site 041.
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Figure 40: A representative Nursery site. There are a variety of potted plants under about three
feet in height. (Photograph of land use at Site 042).
The agricultural sites were characterized by a wide range of values for all three indicator
organisms. In general these values were lower than the residential and commercial
measurements, although with some notable exceptions. The Nurseries were one such case with
average total coliform, E. coli, and enterococci measurements of 6.4 million, 3.6 million, and
99,000 per 100 mL respectively. The reasons for these extremely high values are unknown but
there are some possible reasons. Two of the measures were taken from flapped outlets, which
means human waste could be a culprit. Since the nurseries would be expected to have more
employees to maintain the plants than other farming uses, they would also be expected to
produce more human wastes. Figure 5.5 in Nshimyimana (2010) shows a makeshift outhouse
directly above a stream channel at one of the farms. Another possibility however, could be the
use of manure as fertilizer. Among the other agricultural uses, total coliform levels ranged from
48,000 for the chicken farm to 323,000 for the tree farm. E. coli levels ranged from a low of 930
at the row crops to a high of 6,000 at the tree farm. Enterococci levels ranged from 410 at the
chicken farm to 1,900 at the row crops.
Listed in Table 2 are the geometric means of bacteria counts in samples collected from various
land uses. In Table 3, the results for the individual sites can be seen. Land uses with only one site
were not listed twice and are only presented in the detailed table. A full copy of field data sheets
and dilution results can be found in Bossis et al. (2011).
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Table 2. Geometric means of bacterial concentrations in samples collected at categories of
agricultural sites, January 2011.
Land Use MPN per 100 mL
Total Coliform E. coli Enterococci
Chicken Farm 48,000 4,600 410
Nursery 6,400,000 3,600,000 99,000
Leafy Row Crop 100,000 930 1,900
Tree Farm 320,000 6,000 450
Fish Farm 170,000 1,600 1,800
Table 3. Measured bacterial concentrations in samples collected at individual agricultural sites,
January 2011.
MPN per 100 mLSite Number Land Use Category Npr10m
Total Coliform E. coli Enterococci
028 Chicken Farm 54,000 2,800 590
029 Nursery 8,100,000 5,400,000 48,000
030 Leafy Row Crop 440,000 300 13,000
031A* Nursery 15,000,000 5,600,000 300,000
031B* Nursery 21,000,000 10,000,000 370,000
032 Leafy Row Crop 120,000 2,400 480
033 Leafy Row Crop 2,100 <100 10
034 Leafy Row Crop 960,000 720 34,000
035 Leafy Row Crop 100,000 13,000 13,000
037 Chicken Farm 42,000 7,700 290
038 Tree Farm 97,000 100 20
039 Bare Soil 44,000 100 <10
040 Tree Farm 1,100,000 360,000 10,000
041 Cemetery 44,000 630 63
042* Nursery 640,000 540,000 18,000
043 Farmart 41,000 <100 7,800
044* Farmart 140,000,000 4,100,000 180,000
045 Fish Farm 210,000 870 1,100
046 Fish Farm 130,000 3,000 3,100
047 Concrete Channel 32,000,000 2,200,000 72,000
* indicates outfall with flapped cover
5 Model
5.1 Model Construction
Numerous changes were made to the ArcGIS files from the previous model by Granger (2010) to
represent more accurately the watershed around Kranji Reservoir. This resulted in an almost
complete reconstruction of the model. The watershed boundary was expanded to include
additional areas draining into the reservoir that were not captured by the original model.
Additionally, new, more specific land use categories were added to the model to better represent
bacterial loading conditions within the watershed. These changes necessitated substantial
revision of the model inputs. In order to run successfully, ArcSWAT requires several input file
types including: a land use file, soil type file, and slope file. The process of creating these files is
described below.
The first step in reconstructing the model was to include the reservoir itself and the reservoir
shoreline. In the prior model, areas along the shoreline that discharged via overland flow directly
into the reservoir were omitted from the modeled area; only areas that drained to a stream and
into the reservoir were included (see Figure 41). However, the shoreline areas contain much of
the agricultural operations that are of particular concern. In order to include this area within the
model, the entire catchment area was treated as a single basin discharging to a single outlet, as
opposed to multiple basins that discharged via multiple outlets into the reservoir. The previous
several-basin model can be seen below in Figure 41. Areas shown in white on the map were not
included in the runoff and bacterial loading calculations.
To simulate a single basin, as described above, the reservoir was treated as a stream network
leading to a single outlet at Kranji Dam. It is necessary to have just one outlet if one wishes to
model only one watershed, since a watershed is defined as all the land upstream of a point that
will drain through that point (Winchell et al., 2009). In order to achieve this, all of the streams in
the watershed must be connected and ultimately discharge though this point. Therefore, the
approximation of treating the reservoir as a stream network needed to be made. To do this,
streams were manually added through the centerline of the main body of the reservoir and its
upstream branches. The stream network from the previous model, which had multiple endpoints
into Kranji Reservoir, was reconfigured so as to connect these endpoints to the streams that had
been manually added. This served to connect all stream reaches in the watershed. A watershed
outlet point was added at the Kranji Dam. The model will now produce one runoff volume and
bacterial load into the reservoir. Since all runoff from the catchment ultimately ends up in Kranji
Reservoir, this is an appropriate approximation that will better represent the true loading rate.
The modified stream network and final outlet point is further discussed below.
Figure 41: Catchment area and land-uses of the previous model (Granger, 2010).
Aside from excluding the reservoir and reservoir shoreline areas, the previous model did not
include a large area in the eastern section of the catchment. This area, referred to as KC7, can be
seen in Figure 42. A canal drains this area, and therefore water does not necessarily follow the
path that would be expected from solely analyzing the area's topography. Figure 43 depicts this
canal system. As seen in Figure 43, there is a labeled branch of the canal that flows to the west
but also a second fork to the east that drains northward. Either appears able to drain the KC7
catchment. A site investigation in January clarified the actual flow paths in this area. The canal
does not actually fork as shown on the map. Instead, a concrete and earth wall diverts all
upstream water to the west and into Kranji Reservoir (Figure 44). Behind this wall (to the right
of the white building in Figure 44), a new canal, flowing north, begins and drains an industrial
area into Johore Strait. Figure 45 shows the industrial area (the island with the red star) and the
location of the diversion wall.
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Figure 42: Map of Kranji Catchment and subbasins (Antenucci et al., 2008).
Figure 43: Kranji Reservoir and KC7 canals (Streetdirectory, 2011).
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Figure 44: Concrete and earth diversion wall.
Industrial Area
Diversion Wall
Figure 45: KC7 canals, diversion wall, and Johore Strait (Streetdirectory, 2011).
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In order to generate the stream network that represents the Kranji Catchment in the SWAT
model, a mask file was created from the PUB supplied land-use file. The mask file served to
delimit the extents of the watershed. The land-use file contained the entire area known to drain
into Kranji Reservoir. Therefore, the drainage network for all land in this file should be included
in the model. The stream network created by Granger (2010), along with the modifications
within the reservoir described above, was used to "force" the locations of streams. Since Granger
(2010) had based her stream network on existing drains and canals, this network was preferred to
a new computer-generated stream network. Additionally, since no actual streams exist within the
reservoir, it was necessary to "force" them to occur at the locations manually added by the
process described above. For newly added areas that were not covered by Granger's stream
network (KC7 and the reservoir shoreline areas) ArcSWAT was configured to use information
from the DEM file to generate stream locations. ArcSWAT will not create streams that drain less
than a specified minimum area known as the Flow Accumulation area. This was set at seven
hectares, the same as the value used by Granger (2010). The resulting ArcSWAT -generated
stream locations were compared to mapped drains and canals to ensure they were approximately
correct. One additional manual edit was needed to create the stream network. The stream
representing the canal that drains the KC7 area, described above, was not connected to the
westward flowing canal at the fork. Instead, based on local topography, ArcSWAT connected it
to the northward flowing canal. Since it is known that the canal actually turns westward and
discharges into Kranji Reservoir, this error was corrected manually. For clarity, the stream
network consisting of Granger's (2010) work, the reservoir modifications, the automatically
generated streams, and the manually routed canal will be referred to as the final stream network.
The final stream network can be seen in Figure 47. Kranji Reservoir is the light blue shaded area,
while the streams are dark blue lines.
The ArcSWAT Watershed Delineation tool was used with the final stream network and mask file
to create the boundaries for the entire Kranji Catchment watershed. ArcSWAT calls this
boundary the "Basin" and it can be seen in orange in Figure 46. ArcSWAT also created smaller
watersheds, referred to as subbasins, each of which is a part of the larger basin. The subbasins
are outlined in purple in Figure 47. The number and locations of subbasins depend on the stream
network. Each subbasin can have only one stream segment (reach) flowing through it. For this
model, 432 subbasins were created.
Figure 46: Kranji Reservior, final stream network, and Basin outline.
Figure 47: Outlined subbasins in purple.
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Granger's (2010) soil-type file was expanded to include the new larger watershed. This digital
file is a series of connected polygons, each representing a different soil type. Soil mapping data
from Ives (1977) was used by Granger (2010) to determine soil-type boundaries. The same
survey was used to determine soil types for the added areas that could be recognized by ArcGIS
and ArcSWAT. The soil survey did not have data for the soil below Kranji Reservoir; it only
showed the waterbody. For this area, the best estimate of soil type was made based on the soil
present on either side of the reservoir. However, this will not have an effect on the model, since
the land use here is water. Therefore, all rainfall runs off and there is no infiltration. The mapped
soil types can be seen in Figure 48.
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Figure 48: Soil types for SWAT simulation.
The land slope file was created from information in the DEM. The ArcGIS Slope tool was used
to create a unique slope value for each cell in the grid. These unique values were rounded to
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integers to reduce processing time, and grouped into two classes, land with a slope less than the
median slope of the watershed (3.3%) and land with a slope greater than the median. The two
slope classes can be seen in Figure 49.
Figure 49: Slope classes for SWAT simulation.
Land-use reclassification focused on two main categories, residential and agricultural. A number
of low-density residential areas were identified through field visits and aerial imagery.
Neighborhoods included were: Verde, Phoenix, Pavilion, Comfort Garden, Hazel Park, Cashew,
Chestnut, Almond, and Jalan. To redefine this land as low-density residential, a new land use
description category (Landed Property) was created. Properties falling into this category were
selected using the Editor tool and edited to change their land use description to Landed Property.
The other residential areas were treated as high-density residential. Figure XXX below depicts
the low-density residential areas.
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Figure 50: Low-density residential areas in red.
Agricultural areas in the area between Sungei Peng and Sungei Tengah in the catchment were
also reclassified. Six new categories were created corresponding to the uses determined from the
January sampling field work. Categories include: Chicken Farms, Tree Farms, Fish Farms,
Nurseries, Leafy Row Crops, and Brush. The brush category was used for areas that did not fit
into one of the other agricultural uses and had a variety of plant growth ranging from grasses to
trees. Figure 51 shows a close up of the reclassified areas.
In order for ArcSWAT to run, each land use description in the ArcGIS land use file must be
assigned a four-letter SWAT land use code. Each of these SWAT codes is associated with values
for parameters such as percent imperviousness, bacterial loading, and nutrient loading so that
SWAT can determine runoff and loading values. Table 4 below shows the ArcGIS land use
category and corresponding SWAT code. Table 5 shows the full name of each SWAT code.
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Table 4. ArcGIS land uses and corresponding SWAT land use code.
ArcGIS Land Use SWAT Land Use Code
Agriculture AGRL
Brush RUBR
Business 2 UCOM
Cemetery FESC
Chicken Farm CHCK
Civic-Community Institution UINS
Commercial UCOM
Commercial & Residential UCOM
Educational Institution UINS
Farmart FMRT
Fish Farm FISH
Health & Medical Care UINS
Landed Property URMD
Leafy Row Crop SPIN
Light Rapid Transit UTRN
Mass Rapid Transit UTRN
Nursery NRSY
Open Space FESC
Open Space in Urban FESC
Park FESC
Place of Worship UINS
Reserve Site RUBR
Residential URHD
Residential with Commercial 1" Story URHD
Road UTRN
Special Use RUBR
Sports and Recreation FESC
Transportation Facilities UTRN
Tree Farm ORCD
Utility UIDI
Waterbody WATR
Table 5. Land uses corresponding to SWAT
SWAT Land Use SWAT Code SWAT Land Use SWAT Code
Agriculture AGRL Spinach SPIN
Chicken Farm CHCK Commercial UCOM
Tall Fescue FESC Industrial UIDI
Fish Farm FISH Institutional UINS
Farmart FMRT Residential-High Density URHD
Nursery NRSY Residential-Medium URMD
Density
Orchard ORCD Transportation UTRN
Rubber Trees RUBR Water WATR
Figure 51: Reclassified agricultural areas.
With a number of new agricultural and residential categories created, it was necessary to assign
or create new SWAT land use codes to associate with these categories. The Brush category was
assigned to Rubber Trees (RUBR), a predefined SWAT code. Granger (2010) had used RUBR
for other wooded areas in the catchment so this was deemed an appropriate choice. The Landed
Property category was assigned the predefmed Residential-Medium Density (URMD) code. This
was based on the lower density and increased green space when compared to the high-density
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land use codes.
residential areas. Given the small lot sizes and relatively high building density it was not
appropriate to use the Residential-Low Density predefined code. Tree Farms were assigned the
predefined Orchard (ORCD) SWAT code. The Leafy Row Crop use was assigned to the
predefined SWAT code for Spinach (SPIN). This assignment was made based on the similarity
of plant characteristics. In both cases, crops were low, leafy, annual plants grown for their
foliage.
Since all pre-defined SWAT agricultural land uses are based on plant, not animal, farms, no
appropriate predefined land use code could be identified for Chicken Farms. A new code
(CHCK) was created. The parameters for this code were based on the predefined code for
institutional (UINS) land. Since about half of the chicken farm was impervious surfaces such as
parking lots and sheds, it seemed more logical to classify this under an urban use. The institution
code had 51% impervious surfaces. The Fish Farm was classified in a similar manner. However,
it was determined to have more impervious surfaces because most of the land was ponds (water),
which would allow no infiltration. A new code (FISH) was created based on the predefined
Industrial (UIDI) code, which had 84% impervious surfaces. The Nurseries posed a challenge to
classify. Although they had plants, the land was not plowed like a traditional crop. However,
classifying it as an urban area would result in too high a fraction of impervious surfaces. A new
code (NRSY) was created based on the predefined code sunflowers (SUNF) since both uses
produced flowering plants of similar heights, about three feet. The type of crop was changed
from annual to perennial to better represent the orchids, which were the most common crop seen
on site visits. Farmart was given its own code (FMRT) due to its unique properties. This was
based on the predefined Industrial code given the high percentage of imperious surfaces that
were observed. Figure 52 is the land use map with the final sixteen land use categories.
Soil types were assigned in a similar fashion, with each soil in the GIS file being assigned to a
SWAT soil code. SWAT soil codes were created using the same parameters as Granger (2010).
A list of each of the soil types and properties is available in her work.
SWAT was then run to create the HRUs. These are areas with the same land use, soil type, and
slope class. Thresholds were set at 20%, 10%, and 20% respectively, in accordance with
Granger's (2010) work. Additional explanation of how the HRU definition process works can be
found in Section 3.2 SWAT Model Overview. A total of 1,519 HRUs were generated.
Figure 52: Map of the final land use categories and their locations in Kranji Catchment.
The weather data used for the model was compiled by Wei Jing Ong, a student at Nanyang
Technological University, Singapore, from a number of PUB stations throughout the catchment
area. Measurements include precipitation, relative humidity, solar radiation, temperature, and
wind speed. SWAT determines the closest station to each subbasin for each dataset. Weather
data was obtained for the period of January 1, 2005 to February 5, 2007. For the days without
data, values were simulated by the SWAT Weather Generator using average daily values. The
precipitation data set was complete but the other sets were missing information for about 130
days. The average daily values entered into the Weather Generator are the same as those used by
Granger (2010) and are documented in her thesis. Figure 53 shows the locations of the weather
stations.
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Figure 53: Map of weather station locations.
Fertilizer (manure) application is the only mechanism in SWAT to distribute bacteria over the
land surface. Therefore, unique "fertilizers" (actually bacteria areal loading factors) were
developed for each land use category (including both agricultural and residential). A set amount
of fertilizer was applied to the land each day to simulate the loading measured from each site.
The application rate was set at 10 kg per hectare (one gram of fertilizer per square meter of
surface) a useful unit since SWAT requires bacterial concentrations in the fertilizer to be in units
of number of bacteria per gram of fertilizer. To determine the correct number of bacteria per
gram (square meter), the daily load for each sample site was found by multiplying an estimated
runoff flow rate by the bacteria count measured in samples collected at that site. The samples
used were those collected in January 2011. The daily load was then divided by the estimated area
drained by each sample point. The boundaries of the area were estimated on field visits and from
aerial imagery and the GIS files. The result of these calculations was the number of bacteria per
square meter of surface per day for each sample site. These results are available in Table 6. The
samples were then averaged by land use category using the same categories described in Chapter
4. The category-averaged values were used as the fertilizer input values and are listed in Table 7.
This process was used for both agricultural and residential areas. The application of fertilizer is
part of the SWAT Management Database. Each land use area received a "Continuous
- -----_____ -
. ............... .  .......
Fertilization" of its land use specific fertilizer starting on Day 1 of the year, continuing for 365
days at a frequency of one day.
Table 6. Total coliform and E. coli calculated concentrations per M2
Site Land Use Category Flow (L/d) Area (m2) Total Coliform/m 2  E. coli/m2
028 Chicken Farm 270 30,000 5,000 200
029 Nursery 1,700 24,000 6,000,000 4,000,000
030 Leafy Row Crop 270 20,000 60,000 40
031A Nursery 5,400 10,000 80,000,000 30,000,000
031B Nursery 2,700 15,000 40,000,000 20,000,000
032 Leafy Row Crop 5,400 10,000 700,000 13,000
033 Leafy Row Crop 2,700 12,000 5,000 200
034 Leafy Row Crop 16,000 35,000 4,000,000 3,000
035 Leafy Row Crop 8,200 20,000 400,000 50,000
037 Chicken Farm 270 30,000 4,000 700
038 Tree Farm 1,400 25,000 50,000 50
040 Tree Farm 8,200 40,000 2,000,000 700,000
041 Cemetery 4,100 35,000 50,000 700
042 Nursery 5,400 9,000 4,000,000 3,000,000
043 Farmart 2,700 10,000 100,000 300
044 Farmart 4,100 10,000 600,000,000 20,000,000
045 Fish Farm 6,800 25,000 600,000 2,000
046 Fish Farm 4,100 5,000 1,000,000 20,000
Choa Chu Kang (High-Density) 82,000 70,000 6,000,000 30,000
Verde (Landed Property) 54,000 68,000 7,000,000 100,000
Table 7. Land use category-averaged bacteria concentrations used for fertilizer values.
Land Use Category Total Coliform/m 2  E. coli/m2
Chicken Farm 200,000 30,000
Nursery 30,000,000 10,000,000
Leafy Row Crop 10,000 10,000
Tree Farm 1,000,000 400,000
Cemetery 50,000 700
Farmart 300,000,000 8,000,000
Fish Farm 800,000 10,000
The bacteria decay rates were set at 10/day for total coliform and 17/day for E. coli, consistent
with the values used by Granger (2010). Decay was only modeled for stream reaches. While
decay would occur for bacteria on the land surface, the loading rates were determined by
measurements occurring at the point of discharge into streams. Therefore, incorporating decay on
land would add extra attenuation during the time bacteria move to the stream channels, a process
that was not captured by field sampling. Including decay on the land surface would have resulted
in lower amounts of bacteria entering the stream than measured. A model run that included decay
on land confirmed this. The bacteria concentrations in all stream reaches of the catchment were
zero.
5.2 Results and Discussion
The input files were written by SWAT and the model was run for two iterations with daily output
values printed. The first was with nonpoint sources only. The second run included the addition of
23 point sources throughout the catchment. The second run was an attempt to more accurately
capture all processes within the watershed, and to determine the sensitivity of the model to point
sources. To determine the model's accuracy, 12 samples taken by Nshimyimana (2010) in July
2009 (and not used in setting fertilizer loading rates) were used as comparisons. The model
predicts results in the stream reach as water leaves the subbasin. Therefore, references to a
subbasin's predicted concentration refer to the value predicted within the main stream reach of
that subbasin unless otherwise noted. The GPS coordinates of the July 2009 sample points were
imported to SWAT to determine which subbasins they were in. The model bacterial counts for
the stream reaches within these subbasins were compared to the sampled values. The location of
these sampling points (comparison points) is available in Figure 54. GPS coordinates and values
are available in Table 8.
5.2.1 Nonpoint Source Run
The first run of the model incorporated only the nonpoint sources within the catchment by
applying land-use-specific fertilizers with the calculated daily bacterial loading rates discussed in
Section 5.1 above. The results of the model run and samples can be found in Table 8. The first
column indicates the sample point name given to each site by Nshimyimana (2011), followed by
the latitude, longitude, and corresponding subbasin within the model. Days with a bacterial count
of zero were omitted from the calculation. Model Max is the maximum daily value during the
course of the simulation. Since field samples were taken only once at each location and collected
at random times, field values do not necessarily correspond to the simulated geometric mean.
The maximum value places an upper bound on feasible sample results. Three subbasins (sample
points) will be discussed in detail, Subbasin 277 (PU03), Subbasin 324 (PBO1), and Subbasin 14.
Subbasin 14 did not have a corresponding sample point, but is the outlet for the entire Kranji
Catchment and thus predicts the total bacterial input to the reservoir.
Figure 55 compares predictions for total coliform (maximum and geometric mean values) against
corresponding field measurements from Table 8. As can be seen, model predictions are less
variable than those measured in the field, and model predictions tend to be high at low
concentrations, but low at high concentrations. A similar pattern is seen in Figure 56 for E. coli.
Figure 54: Location of July 2009 sampling points used to evaluate the model predictions.
Table 8. GPS coordinates, subbasins, measured total coliform/E. coli values and corresponding
predictions for the nonpoint source model run. T.C and E C. refer to the total coliform and E. coli
respectively.
Model Geometric Model
Name Latitude Longitude Subbasin (MPN/n100 mL) (MPN mL) (M i0 mL)
T.C. E C. T.C. E C. T.C. E C.
KK06 1.41603 103.70198 43 3,700 23 0 0 0 0
KK05 1.41019 103.70086 78 3,100 31 0 0 0 0
PUO9 1.38238 103.76684 269 77,000 270 2,000 8 14,000 61
PU03 1.38078 103.75853 277 28,000 290 2,700 15 28,000 190
PU12 1.38119 103.76316 279 88 1 2,100 8 15,000 66
PUl3 1.37995 103.76784 317 55,000 6,900 2,500 10 17,000 78
PBO1 1.37713 103.73456 324 530 91 600 2 5,500 20
PB02 1.37587 103.73596 353 440 280 2,100 8 12,000 44
PUt08 1.37097 103.76263 370 1,000 26 1,400 8 19,000 110
TA02 1.37022 103.70567 378 16,000 130 0 0 0 0
PB1O 1.36679 103.75368 391 16,000 310 0 0 0 0
PB06 1.36083 103.74568 426 46,000 1,100 1,900 7 13,000 57
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Figure 55: Comparison of Run 1 model predictions of total coliform bacteria with field
measurements (blue line indicates perfect agreement between model and measured
concentrations).
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Figure 56: Comparison of Run 1 model predictions of E. coli with field measurements (blue line
indicates perfect agreement between model and measured concentrations).
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Subbasin 277
Figure 57 shows the predicted daily total coliform concentrations. The values range from zero to
28,000 per 100 mL, with the majority of points falling below about 15,000 per 100 mL. All
bacteria concentrations for both total coliform and E. coli are per 100 mL unless otherwise noted.
The geometric mean for the subbasin is 2,700, much lower than the measured value of 28,000.
However, this is a feasible value as it is still within, although at the top of, the model's predicted
range. There are a large number of days with zero concentration due to days with no flow.
Predicted daily flow rates in the stream reach are available in Figure 58. The lack of flow on
many of the days is of concern because it indicates that the model may not be accurately
modeling all of the water flows within the subbasin. However, it is unknown if the stream the
sample was taken from has intermittent or continuous flows. The predicted concentrations of E.
coli were similarly scattered with the majority of values below 100. The max value was 190,
which is similar to the measured value of 290. The similarity of these values indicates that the
model is at least generally capturing the major mechanisms in the subbasin.
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Figure 57: Predicted daily total coliform concentrations for the stream reach in Subbasin 277.
Figures 59 and 60 show the frequency distributions of the simulated total coliform results. Figure
59 is a histogram with a bin size of 600. Values of zero were omitted, but the most frequent
values are lowest in magnitude. Frequency then generally declines with increasing concentration
in an exponential fashion with a long tail. As discussed in Chapter 2, bacterial regulatory limits
are set based on the geometric mean. This is the standard method used for calculating average
values and is based on the assumption of a lognormal distribution of bacteria concentrations. One
would expect to see few very low values, an increase and peak, and then a long decreasing tail. A
low frequency of values small in magnitude does not occur in this subbasin. Instead the values
smallest in magnitude are the most frequent. Plotting the logarithm of bacterial concentrations in
a histogram, Figure 60, should produce a Gaussian curve if the underlying distribution is
lognormal. The distribution in Figure 60 looks roughly normal for values between 3.4 and 4.4
........... . .... -...... . . ..... - -- --------- -11 ........... . ....
but has an extended tail for smaller values. E. coli distributions had similar characteristics to the
total coliform.
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Figure 58: Predicted daily flow for the stream reach in Subbasin 277.
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Figure 59: Frequency distribution of predicted daily total coliform concentrations for Subbasin
277.
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Figure 60: Frequency distribution of the logarithm of predicted daily total coliform
concentrations for Subbasin 277.
Subbasin 324
Figure 61 shows the daily total coliform concentrations for Subbasin 324. Figure 62 shows
predicted flows in the subbasin. The maximum concentration is 5,500 per 100 mL while the
geometric mean is 600. This is a good fit with the measured value for total coliform of 530.
However, the results are similar to Subbasin 277 in that many of the values are zero due to no
flow predicted on many days. Simulated E. coli values show similar scatter, with a maximum of
20 and geometric mean of 2 per 100 mL. The measured value in this stream reach was 91
indicating that the model is underestimating E. coli. Possible reasons for the low prediction could
be too high a decay rate, loading rates that are too low, or missing sources. However, the model
still predicts the correct order of magnitude.
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Figure 61: Predicted daily total coliform concentrations for Subbasin 324.
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Figure 62: Predicted daily flow out of Subbasin 324.
The frequency distribution (Figure 63) is similar to Subbasin 277, with about 50 values in the
first bin and then decreasing in number in a roughly exponential fashion. There are very few
days with bacterial concentrations in the upper half of the predicted range. The frequency
distribution of the logarithms of the values is also similar (Figure 64). The data has a long tail
and when plotted in logarithm form it has a fairly normal distribution centered around 3.3.
However, there is an extended tail for the lower values.
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Figure 64: Frequency distribution of the logarithm of predicted daily total coliform
concentrations for Subbasin 324.
Subbasin 14
The total coliform frequency distribution for the entire basin (Figure 65) is similar to that of the
subbasins. Values were scattered with a maximum of 3,000 and geometric mean of 170 per 100
mL. There are also a large number of days at zero concentration. This is of concern because even
on the driest of days there should be flow out of the catchment (into the reservoir) and this flow
will have at least some bacterial contamination. The outlet point can also serve as a check on the
hydrologic aspect of the model. Data provided by the PUB shows the total net outflow from
Kranji Reservoir during the period from January 1, 2005 to December 31, 2006 to be 150 million
cubic meters. Assuming the reservoir level is kept fairly constant, this discharge should be
roughly the same as the Catchment's runoff (stream flow). The sum of all modeled daily average
flows is 172 cubic meters per second, equivalent to 14.8 million cubic meters for the model
period (January 1, 2005 to February 5, 2007). The model appears to be underestimating runoff by
an order of magnitude.
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Figure 65: Frequency distribution of predicted daily total coliform concentrations in Subbasin 14.
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5.2.2 Nonpoint and Point Source Run
The model was also run with point sources included. In Kranji Catchment the point sources are
sewage treatment plants (STPs), which include a few larger facilities at military camps but are
usually just septic tanks serving a small facility like a farm. Figure 66 shows the locations of the
plants. The STPs typically have high bacterial concentrations, and in areas of low flow may be
the dominant source of bacteria. Running the model again over the same time period and under
the same meteorological conditions allows the effect of treatment plants to be distinguished and
analyzed. SWAT requires the user to enter point source locations at the beginning of the model
creation, during the watershed delineation phase. Since this was not done originally, the model
had to be recreated. This was done using the same files and process described in Section 5.1 to
ensure the watershed would be constructed with the same boundaries and stream network. Point
source information, including the flow rate and effluent bacteria concentration, was also entered
into SWAT. These values are available in Table 9. All other settings in the model were kept the
same
Figures 67 and 68 compare predictions for total coliform and E. coli, respectively against
corresponding field measurements from Table 10. As with the nonpoint-source-only run, this
run predicts less variability in concentration than seen in the field although predicted
concentrations are generally greater than those seen in the corresponding comparisons in Figures
55 and 56.
Figure 66: Map of the Sewage Treatment Plants (STPs) in Kranji Catchment.
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Table 9. STP subbasin location, flow rate, and bacteria concentrations used in the construction of
the model.
Sub- Flow T. Coliform/ E. Coli! Sub- Flow T. Coliform/ E. Colil
basin (m3/d) 100 mL 100 mL basin (m3/d) 100 mL 100 mL
11 0.55 100,000,000 18,000,000 230 15 350,000 1,300
20 1.1 70,000 250 234 9 70,000 250
30 1.65 18,000,000 6,500,000 250 2.2 7,500,000 2,600,000
48 0.55 1,200,000 1,300 262 2.48 42,000,000 13,000,000
82 7.5 70,000 250 271 375 1,700,000 6,300
84 7.5 950,000 3,400 320 0.55 2,900,000 1,100,00
144 2.2 20,000,000 8,700,000 335 459 71,000 260
169 0.55 16,000,000 1,200,000 336 2.75 12,000,000 4,400,00
194 0.55 5,900,000 2,200,000 353 1.38 70,000 250
222 1.38 15,000,000 5,400,000 362 360 400,000 1,500
224 15 1,900,000 6,800 365 0.55 70,000 250
225 0.55 1,100,000 5,800
Table 10. Predicted daily bacterial geometric means, maximum simulated values, and
measurements from corresponding field samples.
Model Geometric Model
Name Latitude Longitude Subbasin (MPN/100 mL) (MPN mL) (M 0 mL)
T.C. E C. T.C. E C. T.C. E C.
KK06 1.41603 103.70198 43 3,700 23 0 0 0 0
KK05 1.41019 103.70086 78 3,100 31 0 0 0 0
PUO9 1.38238 103.76684 269 77,000 270 2,000 8 14,000 58
PUO3 1.38078 103.75853 277 28,000 290 2,500 13 29,000 170
PU12 1.38119 103.76316 279 88 1 2,100 8 29,000 170
PU13 1.37995 103.76784 317 55,000 6,900 2,500 10 20,000 83
PBO1 1.37713 103.73456 324 530 91 7,800 13 39,000 43
PB02 1.37587 103.73596 353 440 280 23,000 42 62,000 90
PUt08 1.37097 103.76263 370 1,000 26 1,300 7 21,000 100
TA02 1.37022 103.70567 378 16,000 130 4 0 14 0
PB1O 1.36679 103.75368 391 16,000 310 0 0 0 0
PB06 1.36083 103.74568 426 46,000 1,100 2,000 8 12,000 55
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Figure 67: Comparison of Run 2 model predictions of total coliform bacteria with field
measurements (blue line indicates perfect agreement between model and measured
concentrations).
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Figure 68: Comparison of Run 2 model predictions of E. coli bacteria with field measurements
(blue line indicates perfect agreement between model and measured concentrations).
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Subbasin 277
Figure 69 shows a plot of the predicted daily bacteria concentrations. It is very similar to the first
run of the model, shown in Figure 57, which makes sense since there are no point sources
upstream of this sampling point. Therefore, once again the only sources should be nonpoint. The
maximum simulated total coliform and E. coli values are 29,000 and 170 per 1 00/mL
respectively, very close, but not identical to the first run of the model. This slight difference is
due to the weather data. SWAT uses the stochastic Weather Generator to fill in values when data
is missing. Since the generator creates fresh values for each model run, some minor variability is
expected. As expected, the frequency distributions (Figures 70 and 71) are similar between the
two runs for Subbasin 277. Most values are for low concentrations of bacteria and frequency
decreases as concentrations increase. The plot of the logarithm of concentrations shows the
distribution is approximately lognormal although there is an extended tail of low values.
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Figure 70: Frequency distribution of predicted daily total coliform concentrations
277 including point source contributions.
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Figure 71: Frequency distribution of the logarithm of predicted daily total coliform
concentrations for Subbasin 277 including point source contributions.
Subbasin 324
Sampling point PBO1 in Subbasin 324 is downstream of several STPs and is thus a better test of
the effects of STPs. There are significant differences between the results of the two model runs
for this subbasin. Bacteria concentrations for the run including point sources are much higher.
The maximum total coliform concentration increases from 5,500 without STPs to 39,000 per 100
mL with STPs, while the geometric mean increases from 600 to 7,800. In addition, flow and
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concentration predictions (Figure 72) were above zero for all days. The minimum predicted
concentration with STPs included (excluding the first few days for start-up time) is 1,000. This
represents a worse fit than the first run of the model to the observed total coliform value of 530.
In fact, with a non-zero minimum simulated value, the measured value is now outside the range
of simulated values. However, the fit is improved for E. coli, with the simulated maximum value
more that doubling to 43 compared to the measured value of 91. Average daily flows, seen in
Figure 73, are almost identical to the flows without STPs (Figure 62) indicating STPs contribute
comparatively little flow despite a significant bacteria contribution.
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Figure 73: Predicted daily flow out of Subbasin 324 including point source contributions.
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The frequency distributions are also changed dramatically. Figure 70 shows the total coliform
distribution. The lowest bacterial concentration bin starts out with a low frequency. The
frequency then quickly increases over the next several bins until a peak at 4000. There is then a
declining tail of values at high bacteria concentrations. This shape approximates a lognormal
distribution much better than those seen in the results of the subbasins discussed above. Figure
75 plots the frequency against the logarithm of total coliform values. The resulting shape closely
resembles a Gaussian distribution, indicating that simulated total coliform concentrations are
indeed lognormal. This is an important result as the model now displays the frequency
distribution typically observed in bacteria measurements.
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Figure 74: Frequency distribution of predicted daily total coliform concentrations for Subbasin
324 including point source contributions.
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Figure 75: Frequency distribution of the logarithm of predicted daily total coliform
concentrations for Subbasin 324 including point source contributions.
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Subbasin 14
Adding the point sources creates a marked difference in the predicted concentrations at the
model outlet. The predicted frequency distribution of total coliform takes on a shape much closer
to that of a lognormal distribution, similar to the change seen in Subbasin 324. Figure 76, the
histogram of total coliform values, shows an increasing frequency as concentration increases and
then a long declining tail. Figure 77 is the histogram of the logarithm of total coliform
concentrations and has a good representation of a Gaussian curve, although slightly skewed to
the upper tail. The maximum value increases slightly to 3,300 from 3,000 per 100 mL in the first
model run. The geometric mean however increases significantly to 850 from 170. With non-zero
values for every day, it is also now possible to find a non-zero minimum concentration, which is
170. As expected, flow increased from the contribution of the point sources, but only to a daily
sum of 197 cubic meters per second. This is equivalent to 17 million cubic meters for the
simulation, an improvement, but total flow is still an order of magnitude less than the runoff that
would be expected.
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Figure 76: Frequency distribution of predicted daily total coliform concentrations
14, the watershed outlet, including point source contributions
for Subbasin
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Figure 77: Frequency distribution of the logarithm of predicted daily total coliform
concentrations for Subbasin 14, the watershed outlet, including point source contributions.
Multiple Subbasin Analysis
In order to have a better understanding of the model's overall performance, a larger set of
predicted values was compared to measured samples. Measured concentrations for total coliform
and E. coli from 35 subbasins were compared to all predicted daily bacteria concentrations for
those subbasins. Figure 78 is the cumulative probability distribution for total coliform. The
model values are consistently between one and two orders of magnitude less than the samples.
However, the shape of the distribution closely matches the observed data. This is a promising
sign the model is correctly capturing the major mechanisms governing bacterial fate and
transport, albeit at lower concentrations. Part of this underestimation is likely caused by the fact
that only agricultural and residential land uses were set as bacteria sources. From sampling at
Bras Basah it is known that commercial areas, and probably many others, also contribute to
stream impairment. Additional reasons could be low estimates of bacteria loading rates (manure
application rate), missing point sources, or high estimates of bacteria decay rates. Figure 79
shows the cumulative probability distribution for E. coli. Similarly, the model underestimates
bacteria concentrations, although more so at low values. For the lowest 20% of values, the model
is three orders of magnitude too low. However, for the upper 30% of values the model is only
one order of magnitude too low.
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Figure 78: Cumulative probability distribution of total coliform for model results and sample
measurements from 35 subbasins.
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Figure 79: Cumulative probability distribution of E. coli for model results and sample
measurements from 35 subbasins.
5.2.3 Summary & Discussion
Overall, the two runs of the model that were conducted show an improvement over the initial
model constructed by Granger (2010). While Granger's model was a good first step in beginning
to capture the hydrology of the Kranji Catchment and the bacterial source and transport
mechanisms at work, the simulated results differed by several orders of magnitude from sampled
values within many of the catchments. The revised model has reduced this variation to within
one to two orders of magnitude, with most of the results within the same order or better.
In the first run of the model, non-point sources of bacterial contamination were considered, but
point sources from sewage treatment plants were left out. For this run, four of the twelve
selected comparison sites had simulated total coliform or E. coli values of zero for the entire
duration of the simulation. This is because these points were located in areas with no upstream
agricultural or residential areas. Since these were the only land uses assigned bacterial loading
rates, it is expected that a catchment without these land uses would have not bacteria. While
currently a problem, the solution is straightforward. Bacterial loading rates for other land uses
need to be determined through literature or field sampling, and then simulated via fertilizer
application as done for the agricultural land uses. For total coliform, of the 12 comparison sites,
three of the sampled results were above the maximum and five were within the range of the
simulated values. For E. coli the values are six and two respectively. The model seems to
underestimate E. coli more often than total coliform. Figures 55 and 56 show a graphic
representation of this information.
The second run of the model included 23 point sources, largely in the agricultural areas. Of the
four comparison sites predicted to have zero concentration in the run without STPs, three
continued to have predicted zero bacteria concentration throughout the simulation. An STP was
placed upstream of the fourth point, TA02, resulting in a low concentration of total coliform but
no E. coli. Overall, for total coliform, four of the twelve comparison samples were greater than
the simulated range, while the remained five were within the range. Figures 67 and 68 show a
graphic representation of this information. However, with the addition of the STPs, the
minimum, maximum, and geometric mean increased, resulting in a poorer fit between the
sampled and modeled values. Measured E. coli concentrations are still above the simulated range
for six of the sites, but the geometric mean had increased bringing the simulation results closer to
the actual results. One consideration for the results of this model run is the possible double
counting of point sources. When field samples of the agricultural sites were taken in January
2011, the location of point sources was not known. Therefore, it is likely that some of the
agricultural samples were from point sources. These values were averaged and used to determine
the nonpoint source contribution, the land use specific fertilizers. This would mean that
contributions of the point sources were included twice in the model, once indirectly in the
creation of the bacteria per square meter contribution calculation, and a second time directly as a
point source contribution.
A look at the results from the two model runs, particularly in Figures 55 and 56, and Figures 68
and 69, shows that the model is generally underestimating concentrations of bacteria, although E.
coli more so than total coliform. This could be caused by additional sources of E. coli bacteria
that are not included in the model, an underestimation of E. coli loading rates per square meter,
or a decay value for E. coli that is too high. However, the poorer performance of the second
model run with respect to total coliform (Figure 68), provides some insight. Since E. coli is a
subset of total coliform, if a source of E. coli contamination was omitted, then a source of total
coliform would be omitted as well, resulting in a similar magnitude of underestimation for both
bacteria. Since the same set of samples collected in January 2011 and the same method for
calculating loadings rates from those samples (described in Section 5.1) were used for both
bacteria, it makes it less likely that the E. coli loading rates are too low. This leaves the decay
rate. An overestimated decay rate of E. coli (but not for total coliform) would tend to predict E.
coli concentrations that decrease too quickly relative to total coliform. Even if the model were
perfectly calibrated to total coliform, the E. coli would die off too quickly resulting in an
underestimation.
The model also appears to have less variability than the measured values as can be seen in
Figures 55, 56, 68, and 69. Measured values tend to have a range spanning two to three orders of
magnitude, whereas the model's values are concentrated in a more narrow range of one to two
orders. This results in the model overestimating low bacteria concentrations and underestimating
high concentrations. Figures 55, 56, 67 and 68 show this trend during both model runs. Predicted
values tend to be above the line of perfect agreement at low values and below the line at high
values.
The second run of the model showed that while point sources do have an effect on
concentrations, they generally are unable to increase values by more than an order of magnitude.
However, point sources are critical in achieving the lognormal distribution that is hypothesized
to occur. By constantly discharging, the point sources establish a minimum level of bacterial
contamination. During rain events, bacteria are transported from the land surface to the streams.
The amount of bacteria transported depends on the amount of rain and time between rains. This
explains the exponential tail in the frequency distribution seen in the first run; there are many
small events but only a few large ones. When this is combined with the point source flow, it
forms the long tail of the lognormal distribution. Thus, if the model is going to be successful at
predicting bacteria loadings, point sources will need to be included.
One finding of particular concern, however, is the flow volume. The model appears to be greatly
underestimating how much runoff is generated by the catchment. The hydrology must be
improved for the model to be used to predict daily bacterial loads. Since the load is calculated by
multiplying the concentration by the flow, the correct flow is critical. Additionally, with the
model "missing" so much water, bacterial concentrations are questionable. More water entering
the streams may carry with it more bacteria, or may dilute contaminated water and reduce
concentrations.
6 Conclusions & Recommendations
6.1 Fieldwork
The fieldwork conducted in January 2011 sought to better understand how land use affected
bacterial loading rates. Two residential, one commercial, and a variety of agricultural sites were
sampled. Bras Basah, the commercial site, had the highest concentrations of total coliform and E.
coli at 1,000,000 and 100,000 bacteria per 100 mL respectively. Verde, the low-density
residential site, had higher concentrations, 800,000 and 20,000 total coliform and E. coli
respectively, than Choa Chu Kang, the high-density residential site, 500,000 and 3,000 total
coliform and E. coli respectively. Verde was expected to have higher concentrations despite a
lower population density because there is more washing and other activities exterior to the
single-family homes in this landed-property area. The Verde, Choa Chu Kang, and Bras Basah
sites were sampled hourly during the daytime hours to determine an average daily value. Thus
depending on overnight loads, it is possible that these values may not be truly representative of
an average daily value.
The agricultural sites had a very large range of bacteria concentrations. The highest recorded
sample was at the Farmart site, with total coliform and E. coli concentrations of 140 million and
4 million respectively per 100 mL. Nurseries were surprisingly high with average values of 6.4
million and 3.6 million for total coliform and E. coli. One possible reason for this could be the
number of employees. A number of agricultural sites use septic tanks, which may result in the
discharge of bacteria to surface waters. If nurseries employ more workers to tend to the plants,
more waste would be generated, potentially making it to the sample sites. As well, Nshimyimana
(2010) documented unsanitary practices on farms that could also contribute to high
concentrations. Tree farms and fish farms had moderate values of 300,000/6,000 and
200,000/2,000 respectively for total coliform and E. coli. Leafy row crops had the lowest
measured concentrations of 100,000 total coliform and 1,000 E. coli per 100 mL. While the
samples were targeted at nonpoint source runoff, it is possible that some of the sample sites were
actually from sewage treatment plant point sources. These treatment plants can often be as
simple as septic tanks. The locations of some of the treatment plants were not known until late in
the project, after all samples had been treated as nonpoint sources. This could have resulted in
average values that were too high. Another difficultly with creating average land-use values from
the sample data set is the variability and intermittency of flows. Flow varied widely between
sites, but more importantly varied at the same site even during the fifteen or fewer minutes of
sampling. A pattern like this would indicate that runoff is from human, rather than natural,
causes. If samples were taken during a certain farm activity, such as washing out a chicken coop,
values could be much higher than a sample taken just a few minutes prior. Furthermore, only
discharges that were accessible from roads were sampled. If a property had different uses for
different areas of the site, bacteria concentrations could vary greatly from different outlets. A
more robust, but likely impractical, sampling program would be to take samples at all discharges
along the perimeter of each site.
Despite its limitations, this data set proved extremely valuable. The land-use-specific agricultural
samples were instrumental in filling a gap in data and allowing for the creation of a much refined
watershed model. The samples were a very good attempt to capture a dynamic and complicated
set of processes.
6.2 SWAT Model
The key motivation behind this project was to improve the SWAT watershed model of Kranji
Catchment previously developed by Granger (2010). Great progress has been made in achieving
this goal, but there is still a need for continued improvements. The area of the modeled
watershed was expanded from 35 square kilometers to 57 square kilometers. A large section of
the eastern catchment area drained by a canal that is diverted into the reservoir was included,
along with the reservoir shoreline and reservoir itself Two new residential and six new
agricultural land-use categories were created to better represent loading from these distinct uses.
While each agricultural site was slightly different, an effort was made to capture major trends to
keep the number of new land uses manageable. Bacterial loading rates were determined by
estimating a flow rate and drainage area for each sample site. The daily bacteria load was divided
by the drainage area to determine a loading rate in units of number of bacteria per square meter
per day. The concentration of bacteria per square meter was applied to the land each day in the
form of manure, the only method to distribute bacteria over the land surface in SWAT. These
values should only be used as a rough estimate. Flow rates were not measured in the field, and in
addition, flows likely change throughout the day due to human activities at the sites. The
drainage area of each sample is also only a rough estimate, since many of the pipe outlets could
not be traced upstream to their source.
The model was run twice on a daily time step using weather from January 1, 2005 to February 5,
2007. The first run included only the nonpoint agricultural and residential sources of bacteria. To
determine the accuracy of the model, predicted results in twelve subbasin stream reaches were
compared to an independent set of samples collected by Nshimyimana (2010) in July 2009.
(Here, "independent" means that these samples were not used to develop the land-use-specific
loading rates discussed above.) Overall the fit between the measured and predicted
concentrations was good. Predicted values were generally within an order of magnitude or better
of measured values. For total coliform, five of the measured samples were within the range of
predicted values and three were above the predicted range. Four of the subbasins predicted no
bacteria. This occurred because these subbasins had no agricultural or residential land upstream,
the only land-uses with bacteria inputs. For E. coli, two measured values were within the
predicted range, and six were above the predicted range. On many days, no flow, and therefore
zero bacterial concentration, was predicted in any of the subbasins within the model. The high
number of days with no flow or bacteria is concerning. It is possible that the streams are indeed
dry on these days, but more likely, the model is not capturing the full hydrology of the
catchment, and missing some sort of flow contribution. A frequency distribution of days with
predicted bacteria concentrations (omitting days with a value of zero) was generated for several
subbasins. Measured bacteria concentrations often follow a lognormal distribution, so ideally
over the course of the model run the predictions would also follow this distribution. However,
results generally seemed to more closely resemble exponential decay, with the highest frequency
at low concentrations and decreasing in frequency as concentrations increased.
The second run of the SWAT model included the addition of 23 sewage treatment plant point
sources. The frequency distribution of results improved in the two subbasins that had a point
source upstream. For these sites, predicted flow and bacterial concentrations were above zero
each day. The concentration distributions appeared very close to having a lognormal distribution.
This suggests that the model is capturing the major mechanisms of bacteria loading and
transport. However, the fit between measured and predicted concentration was not as good for
total coliform as it was in the first SWAT run. Of the 12 sites compared with Nshimyimana's
(2010) field measurements, predicted values bracketed the field values at five sites but
predictions at four sites fell below the predicted range. Three sites still had zero predicted
bacteria on every day of the simulation. Since the predicted geometric means are increased by
the addition of point sources, subbasins at which predicted geometric mean values matched the
field data in the first run now exceeded the field data in the second run. However, since the
measured samples consist of single grab samples taken at random times, they provide only a
limited test of the model, especially given the high variably in bacteria samples. For E. coli, four
subbasins were predicted to have no bacteria, six were predicted to have maximum values below
the measured value, and two were predicted to have a range than included the measured value.
One possible problem that should be considered however is the double counting of point sources.
If these point sources contributed bacteria that are counted in the field samples, then their
contributions would be counted twice in the model, once by indirectly contributing to the
average nonpoint source loading and again directly as a point source.
Comparing the two runs, E. coli is underestimated in both runs, while total coliform fits are good
for the first run and no better, or even worse, for the second. This could be due to an
overestimation of the E. coli decay rate. Since the same sources and model were used for both
bacteria, but one is showing values too low, that bacteria species must be being removed from
the modeled system too quickly. The only mechanism included in the model for bacteria loss is
its decay in stream reaches. The low volume of flow predicted by the model is also a concern. In
both runs, total flow out though the watershed outlet is less than 20 million cubic meters for the
duration of the simulated period. This seems almost an order of magnitude too low given the
high rainfall experienced in Singapore.
6.3 Recommendations and Need for Additional Work
The most critical need to improve the model further is a more complete set of bacterial samples
from stream channels that can be used to compare and to calibrate the model. Attempting to
evaluate the model's performance by comparing with twelve samples taken during a one-month
period is of limited value. Bacteria concentrations and the weather vary, and sample
concentrations are additionally affected by sampling and laboratory analysis error. A program
that monitors bacterial concentrations at several sites throughout the catchment, preferably
multiple times per day, for a period of weeks or months, would create true representative values
of stream concentrations. Comparing these values to the predicted geometric mean would be a
much better way to evaluate the model.
Once the model has been calibrated for average stream concentrations, the model's ability to
predict bacteria loading based on weather conditions can be tested. For this task, additional
sampling of wet and dry weather, especially the agricultural areas would be beneficial. The
current set of samples was mostly taken in dry weather and therefore represents base flow
bacterial concentrations. If farming areas are dominated by nonpoint bacteria sources,
concentrations should be higher in wet weather flows. If however, the sewage treatment plant
point sources dominate, concentrations would actually decrease during wet weather events.
Understanding the role of each of these mechanisms could focus efforts to improve the model on
the more important loading mechanism. Additional sampling of the agricultural areas would also
increase the chances of capturing different farm activities, which may produce non-uniform
water demand and runoff
As the model is calibrated, it will need to be run many more times. While the time to edit and run
the model is not unreasonable, there may be some easy ways to reduce processing time and more
accurately represent the catchment. The minimum drainage area to create a stream was set at
seven hectares, which resulted in the creation of 432 subbasins. It may be possible to increase the
minimum acreage, and reduce the number of subbasins, without appreciably affecting the
model's results. Also worth consideration is changing the parameters for the creation of a
hydrologic response unit (HRU). Currently a new HRU is created when a specific land use,
slope, or soil type exceeds a threshold percentage of a subbasin. Since the size of subbasins spans
several orders of magnitude, some HRUs are created for very small areas, while others are not
created for much larger areas. To avoid the creation of very small subbasins, it may be more
appropriate to create HRUs based on absolute land area, rather than a percentage threshold.
The fieldwork led to the unexpected finding that nurseries tended to have very high bacterial
concentrations. In fact several agricultural sites had very high values. If it turns out that these
samples were from sewage treatment plants rather than nonpoint sources, this may provide a
good opportunity to significantly reduce loading to Kranji Reservoir. Since the majority of the
agricultural lands are close to the reservoir, they have a larger effect than sites farther upstream
in the catchment. Finding ways to eliminate these point sources may be a cost effective way to
control bacteria since these sources are relativity few in number. Standard wastewater treatment
disinfection options such as chlorination or ultraviolet light could be implemented. If a low-tech
solution is preferred, something as simple as storing wastes in a tank onsite and occasionally
transporting the waste to a treatment facility is a possibility.
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Appendices
Appendix A - GPS Coordinates of January 2011 Sampling Stations
Site GPS Coordinates
North East
028 01 23' 57.3" 1030 43' 45.8"
029 010 23' 57.2" 1030 43'46.6"
030 010 23' 58.0" 1030 43' 50.3"
031A 01 023' 47.6" 1030 43' 52.5"
031B 010 23' 47.6" 1030 43' 52.5"
032 01 023' 45.1" 1030 43'43.3"
033 01 23'45.7" 103 43' 43.9"
034 010 23' 33.8" 103 043' 43.1 "
035 010 23' 33.4" 103 043' 42.9"
037 010 23' 57.3" 103 43' 45.8"
038 010 23' 14.3" 1030 43' 52.5"
039 010 23' 18.2" 1030 43' 38.9"
040 010 22'30.2" 1030 43' 32.6"
041 01 022' 30.1" 1030 43' 32.6"
042 010 22' 42.6" 1030 43' 34.9"
043 010 23'00.1" 1030 43' 34.1"
044 01 023' 00.1" 1030 43' 34.1"
045 010 22' 57.5" 1030 43' 52.2"
046 01 022' 58.1" 103* 43' 52.3"
047 010 22' 59.5" 1030 43' 52.3"
Choa Chu Kang 010 24' 04.8" 1030 45' 34.2"
Verde 010 23' 29.9" 1030 45' 09.7"
Bras Basah 010 18' 13.0" 1030 51' 12.0"
Appendix B - Time series samples collected in residential and commerical areas in January 2011
Choa Chu Kang MPN/100 mL
Day Hour Total Coliform . coli Enterococci
1 8:00 110,000 1,900 1,900
1 9:00 260,000 1,600 4,800
1 10:00 280,000 1,300 6,400
1 11:00 230,000 2,800 7,900
1 12:00 1,900,000 12,000 6,800
1 13:00 5,200,000 4,300 7,500
1 14:00 >240,000* 5,900 5,900
1 15:00 400,000 5,000 5,000
1 16:00 160,000 2,300 3,300
1 17:00 240,000 2,300 8,800
1 18:00 280,000 960 3,600
1 19:00 210,000 5,400 12,000
1 Blank I <1 <1 <1
1 Blank 2 2,400 <1 <1
1 Blank 3 11 <1 <1
Note: *1:10,000 dilution had no positive wells but 1: 100 was all positive so its result was used
Choa Chu Kang MPN/100 mL
Day Hour Total Coliform . coli Enterococci
2 11:00 65,000 570 150
2 12:00 200,000 1,800 1,300
2 13:00 200,000 2,600 1,800
2 14:00 8,700,000 3,000 6,100
2 15:00 670,000 1,200 2,300
2 16:00 3,100,000 2,000 5,200
2 17:00 1,100,000 2,200 3,400
2 18:00 1,200,000 3,400 4,900
2 19:00 1,100,000 2,000 7,200
2 Blank I <1 <1 <1
Verde MPN/100 mL
Day Hour Total Coliform E. coli Enterococci
1 8:00 300,000 44,000 730
1 9:00 1,600,000 12,000 580
1 10:00 1,200,000 92,000 23,000
1 11:00 1,300,000 31,000 46,000
1 12:00 540,000 19,000 20,000
1 13:00 270,000 5,600 7,600
1 15:00 280,000 29,000 5,000
1 Blank 1 2 <1 <1
1 Blank 2 <1 <1 <1
Note: The sample at 14:00 and 16:00-19:00 were skipped due wet weather
Verde MPN/100 mL
Day Hour Total Coliform E. coli Enterococci
2 8:00 2,000,000 27,000 720
2 9:00 1,700,000 12,000 690
2 10:00 1,200,000 98,000 5,800
2 11:00 890,000 41,000 1,400
2 12:00 270,000 5,700 440
2 13:00 1,700,000 7,900 640
2 14:00 6,100,000 2,200
26,000
2 15:00 3,100,000 2,900 4,200
2 16:00 220,000 8,800 200
2 17:00 830,000 10,000 330
2 18:00 910,000 7,400 1,800
2 19:00 360,000 33,000 3,600
2 Blank I 1 <1 <1
2 Blank 2 <1 <1 <1
2 Blank 3 <1 <1 <1
Day Hour Total Coliform F. coli Enterococci
1 8:00 1,400,000 530,000 11,000
1 9:00 760,000 190,000 4,400
1 10:00 96,000 140,000 5,700
1 11:00 200,000 87,000 5,500
1 12:00 750,000 120,000 11,000
1 13:00 230,000 65,000 12,000
1 14:00 1,200,000 180,000 23,000
1 15:00 590,000 37,000 10,000
1 16:00 200,000 98,000 6,700
1 17:00 270,000 76,000 24,000
1 18:00 199,000 26,000 22,000
1 Blank I 1 <1 <1
1 Blank 2 <1 <1 <1
1 Blank 3 3 3 <1
Note: The sample at 19:00 was skipped do to impending wet weather
Bras Basah MPN/100 mL
Day Hour Total Coliform F. coli Enterococci
2 8:00 170,000 3,000 1,500
2 9:00 680,000 7,100 1,300
2 10:00 410,000 14,000 4,600
2 11:00 1,600,000 36,000 48,000
2 12:00 3,100,000 46,000 12,000
2 13:00 3,100,000 150,000 11,000
2 14:00 6,900,000 790,000 12,000
2 15:00 13,000,000 390,000 21,000
2 16:00 4,900,000 600,000 12,000
2 17:00 8,200,000 160,000 23,000
2 18:00 4,100,000 240,000 17,000
2 19:00 9,200,000 840,000 51,000
2 Blank 1 <100 <100 <10
2 Blank 2 <1 <1 <1
MPN/100 mLBras Basah
13 January, 2011 Weather, sunny - few clouds Hi 88F Lo 75F I
Location Number
028
GPS Coord N GPS Coord E Sample Time
01' 23' 57.3" 103' 43' 45.8" 11:45
Bacteria
E. coli
E. coli
E. coli
Entero
Entero
Entero
Dillution
1:100
1:10,000
1:1,000,000
1:10
1:1,000
1:100,000
Sealed
16:36
16:37
16:38
16:39
16:40
16:41
Incubated
18:26
18:26
18:26
18:36
18:36
18:36
Read
19:02
19:03
19:03
19:18
19:19
19:20
029 01' 23' 57.2" 103' 43' 46.6" 12:00 E. coli 1:100 16:42 18:26 19:04
E. coli 1:10,000 16:43 18:26 19:05
E. coli 1:1,000,000 16:44 18:26 19:06
Entero 1:10 17:11 18:36 19:20
Entero 1:1,000 17:12 18:36 19:21
Entero 1:100,000 17:13 18:36 19:22
030 01' 23'58.0" 103'43'50.3" 12:15 E. coli 1:100 17:14 18:26 19:06
E. coli 1:10,000 17:15 18:26 19:07
E. coli 1:1,000,000 17:16 18:26 19:07
Entero 1:10 17:17 18:36 19:22
Entero 1:1,000 17:18 18:36 19:23
Entero 1:100,000 17:19 18:36 19:24
031A 01 23' 47.6" 103' 43' 52.5" 12:40 E. coli 1:100 17:21 18:26 19:08
E. coli 1:10,000 17:22 18:26 19:08
E. coli 1:1,000,000 17:23 18:26 19:09
Entero 1:10 17:29 18:36 19:24
Entero 1:1,000 17:32 18:36 19:24
Entero 1:100,000 17:33 18:36 19:25
031B 01' 23' 47.6" 103' 43' 52.5" 12:41 E. coli 1:100 17:37 18:26 19:09
E. coli 1:10,000 17:37 18:26 19:10
E. coli 1:1,000,000 17:38 18:26 19:10
Entero 1:10 17:42 18:36 19:25
Entero 1:1,000 17:42 18:36 19:25
Entero 1:100,000 17:43 18:36 19:26
032 01' 23'45.1" 103'43'43.3" 13:06 E. coli 1:100 17:47 18:26 19:11
E. coli
E. coli
Entero
Entero
Entero
1:10,000
1:1,000,000
1:10
1:1,000
1:100,000
17:48
17:49
17:54
17:55
17:56
18:26
18:26
18:36
18:36
18:36
19:111
19:11
19:27
19:28
19:28
K1ranji Farm Area |I
lKranji Farm Area
Location Number
033
13 January, 2011 Weather, sunny -
GPS Coord N GPS Coord E Sample Time Bacteria
01' 23' 45.7" 103' 43'43.9" 13:15 E. coli
E. coli
E. coli
Entero
Entero
Entero
01' 23' 33.8" 103' 43'43.1" 13:35 E. coli
E. coil
E. coli
Entero
Entero
Entero
01' 23' 33.4" 103' 43' 42.9" 13:40 E. coli
E. coli
E. coli
Entero
Entero,
Entero
88F Lo 75F I
Incubated Read
few clouds Hi
Dillution
1:100
1:10,000
1:1,000,000
1:10
1:1,000
1:100,000
1:100
1:10,000
1:1,000,000
1:10
1:1,000
1:100,000
1:100
1:10,000
1:1,000,000
1:10
1:1,000
1:100,000
Sealed
17:59
18:00
18:01
18:05
18:06
18:07
18:10
18:11
18:12
18:14
18:15
18:16
18:18
18:19
18:20
18:23
18:24
18:25
18:26
18:26
18:26
18:36
18:36
18:36
18:26
18:26
18:26
18:36
18:36
18:36
18:26
18:26
18:26
18:36
18:36
18:36
034
035
19:12
19:12
19:12
19:30
19:30
19:30
19:13
19:13
19:14
19:31
19:32
19:32
19:14
19:15
19:15
19:34
19:34
19:36
IKranji Farm Area
Location Number
028
Large
Total Coliform (Yellow)
Small MPN
34 77,010
1 30,000
0 <1,000,000
Rep.
MPN/100 mL
53,506
E. coli (Yellow + Fluorescent)
Large Small MPN
2 2,750
0 <10,000
0 <1,000,000
Rep.
MPNI100 mL
2,750
Enterococci (Fluorescent)
Large Small MPN
588
1,000
<100,000
Rep.
MPN/100 mL
588
029 49 48 >241,960 8,126,000 49 48 >241,960 5,447,500
49 24 4,352,000 47 22 2,495,000
8 3 11,900,000 5 3 8,400,000
49 48 >24,196 48,100
27 7 48,100
1 0 100,000
030 49 48 >241,960 443,000 1 2 300 300
26 6 443,000 0 0 <10,000
0 0 <1,000,000 0 0 <1,000,000
49 42 12,997 12,599
11 0 12,200
0 0 <100,000
031A 49 48 >241,960 15,165,500 49 48 >241,960 5,632,000
49 44 15,531,000 49 35 8,164,000
13 0 14,800,000 3 0 3,100,000
49 48 >24,196 300,450
49 17 290,900
3 0 310,000
031B 49 48 >241,960 21,481,600 49 48 >241,960 10,198,500
49 46 19,863,000 49 42 12,997,000
18 1 23,100,000 6 1 7,400,000
49 48 >24,196 372,600
49 24 435,200
3 0 310,000,
032 141,360
107,000
<1,000,000
124,180 2,410
<10,000
<1,000,000
2,410
480
<1.000
<100,000
IKranji Farm Area
Location Number Larae
Total Coliform (Yellow)
Small MPN
Rep.
MPN/100 mL
E. coli (Yellow + Fluorescent)
Larae Small MPN
Rep.
MPN/100 mL
Enterococci (Fluorescent)
Large Small MPN
Rep.
MPN/100 mL
033 16 2 2,130 2,130 0 0 <100 <100
0 0 <10,000 0 0 <10,000
0 0 <1,000,000 0 0 <1,000,000
1 0 10 10
0 0 <1,000
0 0 <100,000
034 49 48 >241,960 959,000 3 4 720 720
41 7 959,000 1 0 10,000
0 0 <1,000,000 0 0 <1,000,000
49 48 >24,196 34,100
23 3 34,100
0 0 <100,000
035 49 45 173,290 101,645 45 9 13,140 13,140
2 1 30,000 1 0 10,000
0 0 <1,000,000 0 0 <1,000,000
49 46 19,863 12,532
5 0 5,200
0 0 <100,000
Kranji Farm Area
Location Number
028
Picture #'s
238
239
244
Location Info/Notes
Chicken/Egg farm, formerly unfriendly, sample was fairly clear.
Channel discharge through bar screen
Pole sample of slow moving water in concrete channel
Concrete channel
Seng Choon Farm
029 240 Nursery, potted flowers in raised wooden planters. Was no flow initially, flow occurred while sampling site across road (028)
241 Open concrete pipe discharge
242 Bucket sample, from drop from pipe outlet
243 Concrete channel
030 245 Technolgy Farm?
246 Channel flowing from under concrete and from direction of rows of bare soil crops
247 Sample taken at concrete basin, sitting water, containers nearby
248 Also saw flapped discharge pipe, trickle, possible sewage discharge
249 Pole sample from standing (slow discharge) pool
Concrete channel
031A 252 Located on channel, flapped outlet, continuous flow, use of waste pipe as drain?
253 Opened flap, allowed initial wave of sediment to flow until water was clear again
257 Alwi bucket sample
258 Concrete channel walls, sandy bottom, unknown
259
260,261
031B 254 Located on channel, initially low flow (trickle) higher when returning for other sample.
255 Same location as before, opposite side of channel
256 Alwi Bucket sample in pool below flap
257 Concrete channel walls, sandy bottom, unknown
258 Flapped outfall
032 267
268
269
270
Bucket sample at drop in channel, no waterfall but caught edge
Freshly mowed grass, some clippings in channel
Nonpoint source, from weepholes and cracks along the bend/corner of a horticulture area
Bare soil, various degrees of seeding cover
Concrete channel
jKranji Farm Area
Location Number Picture #'s Location Info/Notes
033 262 Bucket sample at drop in channel, no waterfall but caught edge
264 Freshly mowed grass, some clippings in channel
265 Nonpoint source, from weepholes and cracks along straight run
266 Mounded soil bend with seedlings, leafy herbaceous
Concrete channel
034 271 Dirt channel from brush area along back side of horticulture area
272 Bucket sample from waterfall
273 Koh Fah Technology Farm - low vegetable crops
Sample between brushy area and fields, most water from field runoff
274
275
276
277
278
Dirt channel from mounded soil horticulture. Some discharge from pond as well
Pond completely green with scum (small leafy algae)
Bucket sample, flow merged with other flow from farm downstream
035
IKranji Farm Area 24 Januar 2011 Weather, sunny - few/moderate clouds Hi 91 F Lo 77F
Location Number GPS Coord N GPS Coord E Sample Time Bacteria Dillution Sealed Incubated Read
037 01' 23' 57.3" 103' 43'45.8" 10:13 E. coli 1:100 14:56 15:48 16:05/16:17
E. coli 1:10,000 14:57 15:48 16:05/16:17
E. coli 1:1,000.000 14:58 15:48 16:05/16:17
Entero 1:10 14:58 15:55 16:32
Entero 1:1,000 14:59 15:55 16:32
Entero 1:100,000 15:00 15:55 16:32
038 01"23' 14.3" 103' 43' 52.5" 10:35 E. col 1:100 15:04 15:48 16:05/16:19
E. coli 1:10,000 15:05 15:48 16:05/16:19
E. coli 1:1,000,000 15:06 15:48 16:05/16:19
Entero 1:10 15:07 15:55 16:31
Entero 1:1,000 15:08 15:55 16:31
Entero 1:100,000 15:09 15:55 16:31
039 01' 23' 18.2" 103' 43' 38.9" 10:55 E. coli 1:100 15:12 15:48 16:05/16:20
E. coh 1:10,000 15:13 15:48 16:05/16:20
E. coli 1:1,000,000 15:14 15.48 16.05/16:20
Entero 1:10 15:15 15:55 16:30
Entero 1:1.000 15:16 15:55 16:30
Entero 1:100,000 15:17 15:55 16:30
040 01 22' 30.2" 103'43'32.6" 11:30 E. coli 1:100 15:24 15:48 16:05/16:22
E. coli 1:10,000 15:25 15:48 16:05/16:22
E. coli 1:1,000,000 15:26 15:48 16:05/16:22
Entero 1:10 15:27 15:55 16:29
Entero 1:1,000 15:28 15:55 16:29
Entero 1:100,000 15:29 15:55 16:29
041 01'22'30.1" 103' 43'32.6" 11:45 E. coli 1:100 15:39 15:48 16:05/16:23
E. coli 1:10,000 15:40 15:48 16:05/16:23
E. coli 1:1,000,000 15:41 15:48 16:05/16:23
Entero 1:10 15:42 15:55 16:28
Entero 1:1,000 15:43 15:55 16:28
Entero 1:100,000 15:44 15:55 16:28
042 01 22' 42.6" 103' 43'34.9" 11:55 E. coli 1:100 15:32 15:48 16:05/16:24
E. coli 1.10,000 15:33 15:48 16:05/16:24
E. coli 1:1,000,000 15:34 15:48 16:05/16:24
Entero 1:10 15:34 15:55 16:27
Entero 1:1,000 15:35 15:55 16:27
Entero 1:100,000 15:36 15:55 16:27
043 01' 23' 00.1" 103' 43' 34.1" 12:15 E. coli 1:100 16:00 16:22 16:35/16:40
E. coli 1:10,000 16:01 16:22 16:35/16:40
E. coli 1:1,000,000 16:02 16:22 16:35/16:40
Entero 1:10 16:03 16:30 16:46
Entero 1:1,000 16:04 16:30 16:46
Entero 1:100,000 16:05 16:30 16:46
Location Number GPS Coord N GPS Coord E Sample Time Bacteria Dillution Sealed Incubated Read
044 01 23' 00.1" 103' 43' 34.1" 12:20 E. coli 1:100 16:08 16:22 16:35/16:40
E. coli 1:10,000 16:09 16:22 16:35/16:40
E. coli 1:1,000,000 16:10 16:22 16:35/16:40
Entero 1:10 16:11 16:30 16:45
Entero 1:1,000 16:12 16:30 16:45
Entero 1:100,000 16:13 16:30 16:45
045 01' 22' 57.5" 103' 43' 52.2" 12:34 E. coli 1:1 16:53 16:55 17:00/17:00
E. coli 1:100 16:17 16:22 16:35/16:40
E. coli 1:10,000 16:18 16:22 16:35/16:40
E. coli 1:1,000,000 16:19 16:22 16:35/16:40
Entero 1:10 16:19 16:30 16:44
Entero 1:1,000 16:20 16:30 16:44
Entero 1:100,000 16:21 16:30 16:44
046 01 22' 58.1" 103 43' 52.3" 12:40 E. coli 1:100 16:36 16:55 17:00/17:00
E. coli 1:10,000 16:37 16:55 17:00/17:00
E. coli 1:1,000,000 16:38 16:55 17:00/17:00
Entero 1:10 16:38 16:58 17:05
Entero 1:1,000 16:39 16:58 17:05
Entero 1:100,000 16:40 16:58 17:05
047 01' 22' 59.5" 103* 43' 52.3" 12:45 E. coli 1:100 16:44 16:55 17:00/17:00
E. coli 1:10,000 16:45 16:55 17:00/17:00
E. coli 1:1,000,000 16:46 16:55 17:00/17:00
Entero 1:10 16:47 16:58 17:05
Entero 1:1,000 16:48 16:58 17:05
Entero 1:100,000 16:49 16:58 17:05
BLANK NTU Lab E. coli 1:1 16:51 16:55 17:05
Entero 1:1 16:52 16:58 17:05
24 January, 2011 Weather, sunny - few/moderate clouds Hi 91 F Lo 77FlKranji Farm Area |I
IKranji Farm Area I
Location Number ILarge
037
Total Coliform (Yellow)
Small MPN
49 19 32,550
5 0 52,000
0 0 <1.000.000
Rep.
MPN/100 mL
42,275
E. coli (Yellow + Fluorescent)
Large Small MPN
38 5 7,710
1 0 10,000
0 0 <1,000,000
Rep.
MPN/100 mL
7,710
Enterococci (Fluorescent)
Large Small MPN
285
<1,000
<100,000
038 49 41 120,330 97,165 1 0 100 100
6 1 74.000 0 0 <10,000
1 0 1 000,000 0 0 <1,000,000
2 0 20 20
0 0 <1,000
0 0 <100,000
039 49 21 36,540 44,270 1 0 100 100
5 0 52.000 0 0 <10.000
0 0 <1.000.000 0 0 <1,000,000
0 0 <10 <10
0 0 <1,000
0 0 <100,000
040 49 48 >241,960 1,071,000 49 48 >241,960 359,000
41 11 1,071,000 21 7 359,000
0 1 1,000,000 0 0 <1,000,000
49 41 12,033 10,317
8 0 8,600
0 0 <100,000
041 49 25 46,110 43,555 5 1 630 630
4 0 41,000 0 0 <10,000
0 0 <1.000.000 0 0 <1,000,000
5 1 63 63
0 0 <1,000
0 0 <100,000
042 49 48 >241,960 644,000 49 48 >241,960 538,000
35 4 644,000 32 3 538,000
0 0 <1,000,000 0 0 <1,000,000
49 47 24,196 18,148
10 1 12,100
0 0 <100,000,
41,060
<10.000
<1.000,000
41,060 <1 00
<10,000
<1,000,000
<100
10,462
5,200
<100,000
Rep.
MPN/100 mL
285
7,831
IKranji Farm Area
Location Number Larae
Total Coliform (Yellow)
Small MPN
Rep.
MPNI100 mL
E. coli (Yellow + Fluorescent)
Large Small MPN
Rep.
MPNII100 mL
Enterococci (Fluorescent)
Lar e Small MPN
Rep.
UMP10 mL
garne S all ml044 49 48 >241,960 143,900,000 49 48 >241,960 4,106,000
49 48 >24,196,000 49 23 4,106,000
45 12 143,900,000 0 1 1,000,000
49 48 >24,196 178,500
47 13 178,500
1 0 100,000
045 49 48 >2,419.6 210,985 49 40 1,120 870
49 42 129,970 4 2 620
21 2 292,000 1 0 10,000
0 0 <1,000,000 0 0 <1,000,000
44 5 1,086 1,086
0 0 <1,000
0 0 <100,000
046 49 48 >241,960 134,000 48 22 2,987 2,987
11 1 134,000 1 0 10,000
0 0 <1,000,000 0 0 <1,000,000
49 18 3,076 3,088
3 0 3,100
0 0 <100,000
047 49 48 >241,960 31,548,000 49 48 >241,960 2,179,500
49 47 24,196,000 49 13 2,359,000
27 1 38,900,000 2 0 2,000,000
49 48 >24,960 71,700
36 6 71,700
1 0 100,000
0 0 0 0 <1
0 0 <1
BLANK
lKranji Farm Area
Location Number
037
Picture #'sLocation Info/Notes
Chicken/Egg farm, formerly unfriendly, sample was fairly clear.
Channel discharge through bar screen
Whirl pack sample, used WP as bucket
Concrete channel
low flow, black silt deposit in channel
Seng Choon Farm
038 560 Downhill from tree nursey, palms etc
561 Water flowing from weep hole, then collected into tank.
562 Tank too shallow/murky for representative sample, also had mixed flow
563 Whirl pack used as scoop
039 564 Site down hill of bare dirt/construction. Large amounts of fill being delievered and leveled
565 No silt fence etc, only excavator bucket compaction
566 Sample flowed along grasses bottom of hill and then under concrete channel wall and into channel
567 Sample taken at waterfall just inside fence line, whirl pack as bucket
568
040 569 Ditch flowing downhill from tree farm. Source not known, possible flow from downstream if piped in (truck parking lot)
570 Sample taken at concrete outfall, before mergeing with orange channel
571 Trees being removed during sampling
572 Whirl pack as scoop
573
041 574 Chinese Cemetary
575 Flow from channel, came out under a step down in the channel
576 Nearby to undertakers structures
577 Whirl pack as scoop
042 578 Flapped drain from potted plant nursery
579 Flap closed but constant flow coming out, some plant growth
580 Possiblely ran under pavement to small structure but source unknown
581 Whirl pack used as scoop
582
043 Farmart - concrete channel, possble flushing/washing. high flow when sample was taken but slowed after sampling
Running hose found at farmart parking lot, possible source
Brown/odorous (sewage) water
Whirl pack used as bucket
IKranji Farm Area
Location Number Picture #'s I Location Info/Notes
044 586 Flapped outfall from farmart
587 Whitish color, possiblely from structure up the hill
588 Whirl pack as scoop
Closed pipe
* JP location attempt
045 589 Outfall from fish ponds. Water left brownish/turbid pond flowed to sedimentation tank
590 Baffled (over/under) and to increase contact time, some clogging of sediments
591 Water exited to concrete flow control and merged with two other channels from the perimeter of the farm
592 Sample taken at final outlet point, concrete pipe into channel.
593, 594 Whirl pack as scoop
595, 596 *JP location attempt
046 597 Sample from plastic (pvc?) pipe in channel wall, coming from direction of small structure but source unknown
598 Whirl pack as scoop
599
047 600 Sample taken from channel infront of fish supply farm
601 Concrete lined, fenced in, 6 foot depth
602 Used pole and whirl pack sampling method
*JP location attempt
BLANK Done in lab with DI water, putin cooler, last sample analyzed
1:1 dillution for both only
